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Preface 
“Materials for Energy and Power Systems”
3HWHU6FKDDI
,OPHQDX8QLYHUVLW\RI7HFKQRORJ\'HSDUWPHQWRI(OHFWULFDO(QJLQHHULQJDQG,QIRUPDWLRQ7HFKQRORJ\
,QVWLWXWH RI 0DWHULDOV (QJLQHHULQJ DQG ,QVWLWXWH RI 0LFUR DQG 1DQRWHFKQRORJLHV *XVWDY.LUFKKRII
6WUDVVH,OPHQDX*HUPDQ\

(QHUJ\FRQYHUVLRQHQHUJ\KDUYHVWLQJHQHU\ WUDQVSRUWHQHUJ\VWRUDJHDQGHQHUJ\
GLVWULEXWLRQ DUH RQH RI WKH PRVW FKDOOHQJLQJ WDVNV RXU LQGXVWULDO VRFLHWLHV KDYH WR
FRSHZLWK $ VXVWDLQDEOH VPDUW VDIH DQG UHVVRXUFHV VDYLQJ HQHUJ\ VXSSO\ LV GH
SHQGLQJRQWKHGHYHORSPHQWRIFOHYHUDQGIXQFWLRQDOPDWHULDOV,WLVWKHUHVSRQVLELOLW\
RI DOOPDWHULDOV VFLHQWLVWV DQG LQWHUGLVFLSOLQDU\ ZRUNLQJ UHVHDUFKHUV WR FRQWULEXWH WR
WKLVFKDOOHQJH2QO\FRPELQHG LQWHUGLVFLSOLQDU\HIIRUWV IURPH[SHUWV LQ UHVHDUFKDQG
LQGXVWU\LQWKHVHILHOGVRIHQHUJ\DQGSRZHUV\VWHPVFDQVROYHWKHWUHPHQGRXVWDVNV
ZHDUH IDFLQJ LQ VFLHQFHDQG WHFKQRORJ\1HZDQGVPDUWPDWHULDOV IRUHQHUJ\DQG
SRZHUV\VWHPVDUHDSUHUHTXLVLWHWRPDLQWDLQRXULQGXVWULDOVDQGZHOIDUHVWDQGDUGV
7KHFRQIHUHQFHDQGZRUNVKRSEURXJKWWRJHWKHUDPXOWLGLVFLSOLQDU\JURXSRILQWHUQD
WLRQDOO\ UHFRJQL]HG UHVHDUFKHUVDQGVFKRODUV7KXV LW UHSUHVHQWHGDQRSSRUWXQLW\ WR
PDNH FRQWDFWV IRU FROODERUDWLRQ RU FRPPHUFLDO H[SORLWDWLRQ LQ PDWHULDOV IRU HQHUJ\
DSSOLFDWLRQVDQGZLOO JLYH \RXDQH[FHOOHQWRYHUYLHZRI UHFHQW GHYHORSPHQWV LQ WKH
DUHDV RI HQHUJ\ FRQYHUVLRQ HQHUJ\ VWRUDJH WUDQVSRUW DQG HIILFLHQF\ ,Q DGGLWLRQ
VPDUWJULGVVHQVRUVDQGDFWXDWRUVDUHEHFRPLQJPRUHDQGPRUH LPSRUWDQW DOVR LQ
WKHHQHUJ\ILHOG
7KHVHSURFHHGLQJVRIWKH,:.KHOGLQ6HSWHPEHUDW78,OPHQDXFROOHFWVRPH
LPSRUWDQWUHVXOWVIURPWKHV\PSRVLXPDQGWKHUHODWHGZRUNVKRSRI³0DWHULDOVIRU(Q
HUJ\DQG3RZHU6\VWHPV´:KHUHDVWKHILHOGRISKRWRYROWDLFVLVRQHRILWVRZQRWKHU
ILHOGVUHODWHGWRHQHUJ\DUHEHFRPLQJPRUHDQGPRUHLPSRUWDQW
7KHPRVWFKDOOHQJLQJWRSLFVRIRXUWRGD\¶VHQHUJ\FKDOOHQJHVFRYHU
 HQHUJ\ FRQYHUVLRQ VRODU KHDW IXHO FHOOV WKHUPRHOHFWULFV HQHUJ\ KDUYHVWLQJ
SRZHUHOHFWURQLFVZDWHUS\URO\VLVHQHUJ\HIILFLHQF\
 HQHUJ\VWRUDJHPDWHULDOVIRUEDWWHULHVVXSHUFDSVVXSHUFRQGXFWRUVK\GURJHQ
VWRUDJHKHDWVWRUDJHDQGLVRODWLRQ
 HQHUJ\WUDQVSRUWHQHUJ\GLVWULEXWLRQHOHFWULFDOFRQWDFWVVZLWFKHVVDIHW\
$FOHDULQGLFDWLRQRIWKHLQFUHDVLQJLPSRUWDQFHRIPDWHULDOVIRUHQHUJ\LVJLYHQLQWKH
IROORZLQJ)LJ7KHUHWKHH[SRQHQWLDOLQFUHDVHLQSXEOLFDWLRQVIURP,6,:HERI6FL
HQFHFOHDUO\SURYHVWKHLPSRUWDQFHRIWKHPDWHULDOVIRUHQHUJ\
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Figure 1: Number of publications related to “Materials for energy sustainability” per year as obtained from 
Web of Science (August 2012). 
7KHPRVW LPSRUWDQWPDWHULDOV DUH UHODWHG WR WKHUPRHOHFWULFV >@ IXHO FHOOV >@ DQG
KHDWVWRUDJH>@%HVLGHVHOHFWURFKHPLFDOHQHUJ\VWRUDJH>@VRODUZDWHUVOLWWLQJ>@
VXSHUFRQGXFWLYLW\>@PDWHULDOVIRUHQHUJ\WUDQVSRUWDQGGLVWULEXWLRQDQGHQHUJ\KDU
YHVWLQJDUHEHFRPLQJPRUHDQGPRUHLPSRUWDQW>@
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Entwicklung von Festkörperelektrolyten auf Basis von 
ȕ”-Aluminiumoxidkeramiken für 
Na-Hochtemperaturbatterien
0*UXQG06FKXO]XQG86\GRZ
)UDXQKRIHU,QVWLWXWIU.HUDPLVFKH7HFKQRORJLHQXQG6\VWHPH,.760LFKDHO)DUDGD\6WU
+HUPVGRUI

Abstract
1D%HWD$OXPLQDW.HUDPLNHQZHUGHQDXIJUXQGLKUHUJXWHQ/HLWIlKLJNHLWIU1DWULXPLRQHQXQGLK
UHU6WDELOLWlWDOV)HVWN|USHUHOHNWURO\W LQ1D1L&ORGHU1D6$NNXPXODWRUHQHLQJHVHW]W8PHLQH
KRKH ,RQHQOHLWIlKLJNHLW GHV (OHNWURO\WHQ ]X JHZlKUOHLVWHQ ZHUGHQ GLH $NNXPXODWRUHQ EHL
&EHWULHEHQ'LH+HUVWHOOXQJYRQ1D%HWD$OXPLQDW.HUDPLNHQEHUGLH)HVWN|USHUUH
DNWLRQJHHLJQHWHU3UlNXUVRUHQZXUGHV\VWHPDWLVFKXQWHUVXFKW'DEHLZXUGHDXVJHKHQGYRQYHU
VFKLHGHQHQ5RKVWRIIHQGLH3UR]HVVNHWWHYRQGHU3XOYHUDXIEHUHLWXQJELV]XU6LQWHUXQJDQDO\VLHUW
(VZLUGJH]HLJWZHOFKHQ(LQIOXVVGLHYHUVFKLHGHQHQ3DUDPHWHUDXIGLH$XVELOGXQJGHV3KDVHQ
EHVWDQGV KDEHQ XQG OHW]WHQGOLFK DXI GLH HOHNWURFKHPLVFKH 3HUIRUPDQFH GHU %DWWHULH DXVEHQ
N|QQHQ
 (,1/(,781*
'HU$XVEDXUHJHQHUDWLYHU >@XQGGHU5FNEDXIRVVLOHUVRZLHQXNOHDUHU(QHUJLHWUl
JHU JHQHULHUHQ Y|OOLJ QHXH$QIRUGHUXQJHQDQ GLH YRUKDQGHQH1HW],QIUDVWUXNWXU >
@'HU ÄPLVPDWFK³]ZLVFKHQVDLVRQDOHUXQG UHJLRQDOHU(QHUJLHHU]HXJXQJXQGGHP
(QHUJLHYHUEUDXFK HUIRUGHUW ÄQHXH³ 1HW]DUFKLWHNWXUHQ (LQ ZHVHQWOLFKHU %HVWDQGWHLO
GLHVHUÄQHXHQ³1HW]HVLQG(QHUJLHVSHLFKHU]XU1HW]VWDELOLVLHUXQJ>@
$XIJUXQGLKUHUKRKHQ(QHUJLHGLFKWHGHUJXWHQ=\NOHQVWDELOLWlWGHUJXWHQ9HUIJEDU
NHLWGHUHUIRUGHUOLFKHQ5RKVWRIIHXQGLKUHUJHULQJHQ|NRORJLVFKHQXQG|NRQRPLVFKHQ
%HODVWXQJ VLQG 1DEDVLHUWH +RFKWHPSHUDWXU%DWWHULHQ SUlGHVWLQLHUW IU GLH JURIRU
PDWLJHVWDWLRQlUH(QHUJLHVSHLFKHUXQJ >@'LHHQHUJLHSROLWLVFKH(QWZLFNOXQJXQG
GLH JXWHQ (LJHQVFKDIWHQ GHU +RFKWHPSHUDWXUEDWWHULHQ IKUWHQ LQ MQJVWHU 9HUJDQ
JHQKHLW ]X HLQHU VWDUNHQ =XQDKPH GHU (QWZLFNOXQJ DXI GHP *HELHW GHU
1D%HWD$OXPLQDW.HUDPLNHQ>@
1HEHQ GHU 7HPSHUDWXU ZLUG GLH /HLVWXQJVIlKLJNHLW GHU %DWWHULHQ LQ KRKHP 0DH
GXUFKGLH(LJHQVFKDIWHQGHU1D%HWD$OXPLQDW.HUDPLNEHVWLPPW'DEHLQLPPWGH
UHQ+HUVWHOOXQJHLQHQZLFKWLJHQ6WHOOHQZHUWHLQ>@6RZHUGHQLQGHU/LWHUDWXUGLYHUVH
6\QWKHVHURXWHQ EHVFKULHEHQ >±@ GHUHQ =LHO LG5 GLH (UK|KXQJ GHU
1D,RQHQ/HLWIlKLJNHLWRGHUGHU)HVWLJNHLW LVW'DEHLYDULLHUHQGLHYHUZHQGHWHQ5RK
VWRIIHGLHFKHPLVFKH=XVDPPHQVHW]XQJXQGGLH3UR]HVVSDUDPHWHU'LH0LNURVWUXN
WXU>@GHU3KDVHQEHVWDQGXQGGDPLWZHVHQWOLFKHHOHNWURFKHPLVFKH(LJHQVFKDIWHQ
GHU.HUDPLNZHUGHQVRJH]LHOWRSWLPLHUW
 10 
'LH DOOJHPHLQH VW|FKLRPHWULVFKH =XVDPPHQVHW]XQJ GHV 1DWULXP%HWD$OXPLQDWV
NDQQ PLW 1D2·  [$O2 EHVFKULHEHQ ZHUGHQ $EKlQJLJ YRQ GHU HLQJHVWHOOWHQ =X
VDPPHQVHW]XQJ QDFK GHP 6LQWHUQ [  LVW HV P|JOLFK QDWULXPUHLFKH E]Z
QDWULXPDUPH3KDVHQ LP*HIJH ]X ILQGHQ+LHUEHLZLUG LP:HVHQWOLFKHQ ]ZLVFKHQ
GHUXQG³3KDVHXQWHUVFKLHGHQ=LHOGHV6\QWKHVHYRUJDQJHVLVWHVMHGRFKGLH
3KDVHZHOFKHVLFKDQIlQJOLFKELOGHWYROOVWlQGLJ LQGLH³3KDVHXP]XZDQGHOQGD
GLHVHHLQHZHVHQWOLFKK|KHUH/HLWIlKLJNHLWIU1DWULXPLRQHQDXIZHLVW:HUGHQMHGRFK
LP6LQWHUUHJLPH7HPSHUDWXUHQYRQ&EHUVFKULWWHQ>@ZLUGGLHVH3KDVHLQ
VWDELOXQG]HUVHW]W8PGLHVHP3KlQRPHQHQWJHJHQ]XZLUNHQ LVWHVEOLFKVRJH
QDQQWH6WDELOLVDWRUHQLQGLH9HUELQGXQJPLWHLQ]XEULQJHQ+LHUEHLZLUGEHLVSLHOZHLVH
/LWKLXP E]Z0DJQHVLXPNDUERQDW RGHU JDU HLQH0LVFKXQJ DXV EHLGHQ ]XJHJHEHQ
>@
 (;3(5,0(17(//(6925*(+(1
'LH6\QWKHVHGHU1D%HWD$OXPLQDW.HUDPLNHQHUIROJWHGXUFKGLHÄNODVVLVFKH³)HVW
N|USHUUHDNWLRQ'LHFKHPLVFKH=XVDPPHQVHW]XQJGHV1D%HWD$OXPLQDWVZXUGHZLH
IROJWJHZlKOW
$O\0\21D\2PLW\ XQG0 /LE]Z0J
%HLGHU6\QWKHVHZXUGHQ]ZHLYHUVFKLHGHQH$QVlW]HKLQVLFKWOLFKGHUVWUXNWXUVWDELOL
VLHUHQGHQ%HVWDQGWHLOH YHUIROJW 'HU(LQIOXVV DXV GHU /L RGHU0J6WDELOLVLHUXQJ DXI
GLH 3KDVHQELOGXQJ ZXUGH VR HUIDVVW 'LH YHUZHQGHWHQ$XVJDQJVPDWHULDOLHQ ZDUHQ
%RHKPLW $O22+ 1D&2 DOV 1DWULXPTXHOOH VRZLH /L&2 E]Z
0J&2Â0J2+Â+2DOVVWDELOLVLHUHQGH%HVWDQGWHLOH
'LHGHU6W|FKLRPHWULHHQWVSUHFKHQGHQ0HQJHQGHU$XVJDQJVPDWHULDOLHQZXUGHQ LQ
HLQHU3ODQHWHQPKOHXQWHU=XJDEHYRQZDVVHUIUHLHQ(WKDQROIUKJHPHLQVDPJH
PDKOHQXQGKRPRJHQLVLHUW1DFKGHP7URFNQHQZXUGHQ3XOYHUSUREHQEHL7HPSHUD
WXUHQYRQXQG&DQ/XIWIUMHZHLOVKLQ=U27LHJHOQJHWHPSHUW
$QVFKOLHHQG ZXUGHQ GLH JHWHPSHUWHQ 3XOYHU KLQVLFKWOLFK GHV 3KDVHQEHVWDQGV
GXUFK5|QWJHQEHXJXQJGHU.RUQIRUP 5(0XQG.RUQJU|HQYHUWHLOXQJ /DVHUEHX
JXQJFKDUDNWHULVLHUW
1DFK GHP 7HPSHUQ GHU 3XOYHU ODJHQ VHKU IHLQH 3XOYHU PLW HLQHPPLWWOHUHQ .RUQ
GXUFKPHVVHUYRQPYRU$XIJUXQGLKUHU3OlWWFKHQI|UPLJHQ.RUQIRUPQHLJHQGLH
3XOYHUVWUDN]XU%LOGXQJYRQ$JJORPHUDWHQ
7KHUPLVFKH(IIHNWHGLHZlKUHQGGHV.DO]LQLHUXQG6LQWHUSUR]HVVHVGHUYHUVFKLHGH
QHQ$XVJDQJVSXOYHU 3UlNXUVRUHQ DXIWUHWHQ N|QQHQ ZXUGHQPLWWHOV'LIIHUHQ]WKHU
PRJUDYLPHWULH'7*XQG7KHUPRPHFKDQLVFKHU$QDO\VH70$DP6(7$5$0
XQWHUVXFKW=XU'7*0HVVXQJZXUGHQ3ODWLQWLHJHOPLW HWZDJGHU3XOYHUJHIOOW
IU GLH 70$0HVVXQJ ZXUGHQ ]\OLQGULVFKH 3UREHQ  PP XQG / PP GHU
MHZHLOLJHQ 3XOYHU PLWWHOV XQLD[LDOHQ 3UHVVYHUIDKUHQ PLW EDU KHUJHVWHOOW RKQH
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 0*UXQGHWDO
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 0*UXQGHWDO
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3UHVVKLOIVPLWWHO %HLGH 0HVVXQJHQ ZXUGHQ DQVFKOLHHQG MHZHLOV XQWHU /XIWDW
PRVSKlUHGXUFKJHIKUWZREHLGLH3UREHQPLW.PLQDXI&JHKHL]WZXUGHQ
 (5*(%1,66(81'',6.866,21
3.1 THERMISCHE ANALYSEN ZUM KALZINIER- UND SINTERVERHALTEN 
,Q%LOGXQG%LOGVLQGGLH(UJHEQLVVHDXV'7*XQG70$0HVVXQJHQ]XVDPPHQ
IDVVHQG GDUJHVWHOOW 'XUFK GLH JHULQJH+HL]UDWH YRQ .PLQ NRQQWHQ EHL GHU'7*
XQG70$GLH3UlNXUVRUHQ /LZLHDXFK0JVWDELOLVLHUWH3UREHQVR WHPSHULHUWZHU
GHQ GDVV VLFK HLQ]HOQH (IIHNWH GLH GHP.DO]LQLHUHQ XQG GHP6LQWHUQ ]XJHRUGQHW
ZHUGHQN|QQHQGHWDLOOLHUWGDUVWHOOHQ OLHHQ*HQHUHOO]HLJWHQVLFKlKQOLFKH9HUOlXIH
EHLGHQ'7*XQG70$0HVVXQJHQGHU/LXQG0JVWDELOLVLHUWHQ3UREHQVLHKH%LOG
XQG%LOG(VNRQQWHQQDKH]XLGHQWLVFKH3HDNODJHQEHL'HK\GUDWLRQXQGGHU=HU
VHW]XQJ EHVWLPPWHU 3UREHQEHVWDQGWHLOH ]XJHRUGQHW ZHUGHQ 8QWHUVXFKXQJHQ YRQ
YDQ=\OHWDO>@]HLJHQYHUJOHLFKEDUH(UJHEQLVVH
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Bild 1: 0DVVHQlQGHUXQJ GHU0JXQG/LVWDELOLVLHUWHQ3UREHQ'7*
$QIlQJOLFKNRPPWHV]XHLQHU:DVVHUDEVSDOWXQJDXVGHP)HVWN|USHUXQG2EHUIOl
FKH GHU 3UREH EHL HWZD & ,P*HJHQVDW] ]XU /LVWDELOLVLHUWHQ 3UREH YROO]LHKW
VLFKGLH$EJDEHGHV:DVVHUVEHLGHU0JVWDELOLVLHUWHQ3UREH LQ ]ZHL6FKULWWHQEHL
HWZD  XQG & 'LH LVW DXI GLH $EJDEH GHV .ULVWDOOZDVVHUV DXV GHP
0J&2·  0J2+·  +2 ]XUFN]XIKUHQ 'LH ZHLWHUH =HUVHW]XQJ YRQ /L&2
1D&2 XQG DXFK 0J&2·  0J2+ ILQGHW LP 7HPSHUDWXUEHUHLFK ]ZLVFKHQ 
XQG&VWDWW,PZHLWHUHQ9HUODXIYROO]LHKWVLFKGHU3KDVHQEHUJDQJYRQ%|KPLW
]X Ȗ$O2 & Ȗ$O2 LVW HLQH =ZLVFKHQSKDVH LP 6\VWHP %|K
PLW/L&21D&2>@DXVGHUDQVFKOLHHQG$O2JHELOGHWZLUG(LQHVWDUNH9R
OXPHQDXVGHKQXQJZLHVLHEHLDQGHUHQ=ZLVFKHQSKDVHQGXUFK UHNRQVWUXNWLYH3KD
 12 
VHQXPZDQGOXQJHQDXIWULWW]%EHLĮ$O2LQGHU³%LOGXQJNDQQKLHUEHLQDFKZHLV
OLFKYHUPLHGHQZHUGHQXQGZLUGDOVZHVHQWOLFKHU9RUWHLOLQGLHVHQ3UR]HVVJHVHKHQ
'LH HLJHQWOLFKH3KDVHQXPZDQGOXQJ ]XP³$O2ZlKUHQG GHV%LOGXQJVSUR]HVVHV
KlQJW YRUUDQJLJ YRP 7HPSHUDWXUSURJUDPP ZLH DXFK YRQ GHQ 6WDELOLVLHUXQJVHOH
PHQWHQ 0JXQGRGHU/LDE'HUKLHU]XYHU]HLFKQHQGH8QWHUVFKLHG]ZLVFKHQGHQ
EHLGHQ6WDELOLVLHUXQJVV\VWHPHQOLHJWLQGHUWHPSHUDWXUDEKlQJLJHQ³%LOGXQJ,QGHQ
YRUOLHJHQGHQ)DOO LVW GDYRQ DXV]XJHKHQ GDVV LP0JVWDELOLVLHUWHQ6\VWHP %LOG 
GHU +DXSWDQWHLO YRQ ³$O2 EHUHLWV ELV & JHELOGHW ZLUG +LQJHJHQ YROO]LHKW
VLFKGLH³$O2%LOGXQJLP/L6\VWHPEHU]ZHL6FKULWWHEHLGHPHLQHUVWHU7HLOELV
& JHELOGHWZLUG XQGGHU+DXSWWHLO HUVW LP7HPSHUDWXUEHUHLFK &
HQWVWHKW>@1HEHQGHUEHUODJHUWHQ6LQWHUXQJEHLGHU3UREHQZLUGGLHVVSH]LHOO LP
$XVGHKQXQJVYHUKDOWHQGHU/LVWDELOLVLHUWHQ3UREH]ZLVFKHQXQG&GHXW
OLFK%LOG
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Bild 2: 7KHUPLVFKH'HKQXQJGHU0JXQG/LVWDELOLVLHUWHQ3UREHQ70$
3.2 RÖNTGENOGRAPHISCHE PHASENANALYSE 
,Q %LOG  XQG %LOG  VLQG GLH 5|QWJHQ'LIIUDNWRJUDPPH GHU 3XOYHU ZHOFKH EHL
&ELV&JHWHPSHUWZXUGHQYHUJOHLFKHQGGDUJHVWHOOW%HL&LVWXQ
DEKlQJLJYRQGHU'RWLHUXQJHLQHEHJLQQHQGH3KDVHQELOGXQJYRQ1DE³$O2]XHU
NHQQHQ )U GLH 0JVWDELOLVLHUWHQ 3XOYHU LVW GLH 3KDVHQELOGXQJ EHL & DEJH
VFKORVVHQZDVGXUFKGLH'7$$QDO\VHQEHVWlWLJWZLUG(V OLHJWHLQTXDVLHLQSKDVL
JHV1DE³$O2YRU'LH/LVWDELOLVLHUWHQ3XOYHU ]HLJHQHLQlKQOLFKHV9HUKDOWHQEH
]JOLFK GHU3KDVHQELOGXQJ%LV ]XUPD[LPDOHQ.DO]LQLHUWHPSHUDWXU YRQ& LVW
DOOHUGLQJVGHXWOLFKHLQH1HEHQSKDVHGHWHNWLHUEDU$XVJHKHQGYRQGHQ(UJHEQLVVHQ
GHU70$$QDO\VHLVWGXUFKGDV.DO]LQLHUHQGHU3UREHEHLHUK|KWHQ7HPSHUDWXUHQLVW
HLQH8PZDQGOXQJGHU1HEHQSKDVHLQ1DE³$O2]XHUZDUWHQ
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 0*UXQGHWDO
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 0*UXQGHWDO
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Bild 3: 5|QWJHQ'LIIUDNWRJUDPPH0JVWDELOLVLHUWHU1D%HWD$OXPLQDW3XOYHUJHWHPSHUWHEHLYHUVFKLH
GHQHQ7HPSHUDWXUHQ
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Bild 4: 5|QWJHQ'LIIUDNWRJUDPPH/LVWDELOLVLHUWHU1D%HWD$OXPLQDW3XOYHUJHWHPSHUWHEHLYHUVFKLH
GHQHQ7HPSHUDWXUHQ
 
 =86$00(1)$6681*
'XUFKÄNODVVLVFKH³)HVWN|USHUUHDNWLRQZXUGHQDXVJHKHQGYRQ%RHKPLWXQG1D&2
1D%HWD$OXPLQDWNHUDPLNHQ V\QWKHWLVLHUW $OV VWDELOLVLHUHQGH .RPSRQHQWHQ ZXUGHQ
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GDEHL/L&2XQG0J&2·  0J2+·  +2YHUZHQGHW'XUFK8QWHUVXFKXQJHQPLW
WHOV'7*70$XQG5|QWJHQGLIIUDNWRPHWULHZXUGHGLH3KDVHQELOGXQJLQ$EKlQJLJNHLW
YRQ GHU .DO]LQLHUXQJVWHPSHUDWXU XQG GHU VWDELOLVLHUHQGHQ .RPSRQHQWH XQWHUVXFKW
(V]HLJWH VLFKGDVVGLH0J6WDELOLVLHUXQJEHUHLWVEHL& ]XHLQHPTXDVLHLQ
SKDVLJHQ 1D³$OXPLQDW IKUW 'LH /L6WDELOLVLHUXQJ ZHLVW ELV & QRFK
)UHPGSKDVHQDXI'XUFK70$0HVVXQJHQELV&NRQQWHGLHZHLWHUH8PZDQG
OXQJLQ1D³$OXPLQDWQDFKJHZLHVHQZHUGHQ*UXQGVlW]OLFKNDQQEHLGHU6\QWKHVH
GHV$OXPLQDWV]ZLVFKHQGHU.DO]LQLHUXQJXQGHLQHUDQVFKOLHHQGHQ6LQWHUXQJXQ
WHUVFKLHGHQ ZHUGHQ 'XUFK GLH YRUJHVFKDOWHWH .DO]LQLHUXQJ VROOWH GLH %LOGXQJ GHV
1DE³$OXPLQDWVZHLWJHKHQGDEJHVFKORVVHQVHLQ6RPLWLVWHLQHZHLWHUH%HDUEHLWXQJ
GHU3XOYHU*UDQXOLHUXQJ0DKOXQJXQGGDPLWHLQEHVVHUHV6LQWHUYHUKDOWHQXQGRS
WLPLHUWH*HIJHIUOHLVWXQJVIlKLJHUH(OHNWURO\WHQ]XHUZDUWHQ
Danksagung 
:LUGDQNHQGHU7KULQJHU$XIEDXEDQNIUGLH)|UGHUXQJLP5DKPHQHLQHU7KULQJHU
)RUVFKHUJUXSSH)*5

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Electrochemical behavior of Si nanostructures in ionic liquids 
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Abstract
,QWKHSUHVHQWZRUNVLOLFRQQDQRVWUXFWXUHVZLWKDJUDVVOLNHPRUSKRORJ\ZHUHLQYHVWLJDWHGXVLQJ
F\FOLF YROWDPPHWU\ DQG JDOYDQRVWDWLF PHDVXUHPHQWV LQ  0 /L7)6, OLWKLXP ELVWULÀXRUR
PHWKDQHVXOIRQ\OLPLGH LQ 1EXW\O1PHWK\OS\UUROLGLQLXP ELVWULÀXRURPHWKDQHVXOIRQ\OLPLGH
>%03@>7)6,@7KHVDPSOHVZHUHSW\SHDQGQW\SH6LZLWKGLIIHUHQWGRSLQJ OHYHOVDQGGLIIHUHQW
FU\VWDOORJUDSKLFRULHQWDWLRQV1DQRVWUXFWXULQJRIWKHVLOLFRQUHVXOWHGLQDQHQKDQFHGHOHFWURFKHP
LFDO/LLRQH[FKDQJHIRUDOOWKHVDPSOHV7KHEHVWF\FOLQJSHUIRUPDQFHZDVREWDLQHGIRUWKHVDP
SOHZLWKWKHKLJKHVWFRQGXFWLYLW\ZKLOHWKHFU\VWDOORJUDSKLFRULHQWDWLRQKDGDOHVVLPSRUWDQWFRQ
WULEXWLRQ6(0LQYHVWLJDWLRQVRIHOHFWURGHVXUIDFHVVKRZHGVLJQLILFDQWPRUSKRORJLFDOFKDQJHVDI
WHUH[WHQGHGSRWHQWLDOF\FOLQJ
 ,1752'8&7,21
/LWKLXPLRQEDWWHULHVDUHWKHSRZHUVRXUFHVRIFKRLFHIRUWKHSRUWDEOHHOHFWURQLFPDU
NHW >@ DQG QRZDGD\V WKHUH LV D KXJH LQWHUHVW IRU OLWKLXPLRQ EDWWHULHV ZLWK KLJKHU
VSHFLILFFDSDFLW\DQGSRZHUGHQVLW\HJIRULPSOHPHQWDWLRQLQHOHFWULFYHKLFOHV6LOL
FRQ LVFRQVLGHUHG WREHRQHRI WKHQH[WJHQHUDWLRQDQRGHPDWHULDOV VLQFH LWKDVD
YHU\KLJK WKHRUHWLFDOVSHFL¿FFKDUJHFDSDFLW\ P$KJ >@+RZHYHU LW VXIIHUV
ODUJHYROXPHFKDQJHV!GXULQJWKHDOOR\LQJGHDOOR\LQJSURFHVVHVUHVXOWLQJ LQ
SXOYHUL]DWLRQRIWKHHOHFWURGHPDWHULDODQGUDSLGIDGLQJRIWKHFHOOFDSDFLW\2QHDS
SURDFKIRUVROYLQJWKLVSUREOHPLVWRGHFUHDVHWKHVLOLFRQGLPHQVLRQVWRVXEPLFURPH
WHUVRUQDQRPHWHUVZKLFKDOORZVIRUEHWWHUDFFRPPRGDWLRQRIWKHPHFKDQLFDOVWUHVV
LQWKHVWUXFWXUH$WWKHVDPHWLPHLRQLFOLTXLGV,/VDWWUDFWFRQVLGHUDEOHLQWHUHVWGXH
WR WKHLUH[FHSWLRQDOSURSHUWLHVZLGHHOHFWURFKHPLFDOZLQGRZV ORZYRODWLOLW\DQG ORZ
ÀDPPDELOLW\ ZKLFK PDNH WKHP VXLWDEOH HOHFWURO\WH V\VWHPV IRU KLJK HQHUJ\ UH
FKDUJHDEOHEDWWHULHV>@+HQFH WKHXVHRIQDQRVWUXFWHUHGVLOLFRQDQRGHVLQFRPEL
QDWLRQZLWK,/EDVHGHOHFWURO\WHVPD\EHKLJKO\DGYDQWDJHRXVIRUQRYHOKLJKSRZHU
DQGHQHUJ\GHQVLW\/LEDWWHULHVZLWKH[FHOOHQWVDIHW\FKDUDFWHULVWLFV
 (;3(5,0(17$/'(7$,/6
,QWKHSUHVHQWZRUNGLIIHUHQWVLOLFRQQDQRVWUXFWXUHVZHUHLQYHVWLJDWHGLQ0/L7)6,
>%03@ >7)6,@ 7KH VDPSOHVZHUH S DQG QW\SH6L ZLWK GLIIHUHQW GRSLQJ OHYHOV DQG
FU\VWDOORJUDSKLFRULHQWDWLRQV DQG ZLWKDJUDVVOLNH VXUIDFHPRUSKRORJ\
7KHQDQRVWUXFWXUHGVLOLFRQVDPSOHVWHVWHGGXULQJWKHF\FOLFYROWDPPHWU\H[SHULPHQWV
ZHUH6DPSOH$SW\SHȍFPVDPSOH%SW\SHȍFPVDP
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SOH&QW\SHȍFP7KHQDQRJUDVVVWUXFWXUHRIWKH6LLQWHUIDFHZDVSUR
FHVVHGXVLQJWKHVHOIPDVNHGUHDFWLYHLRQHWFKLQJ5,(ZLWKD6)2SODVPD'XU
LQJWKHHWFKLQJSURFHVVWKHSDVVLYDWLRQPDWHULDO6L2[)\ZDVGHSRVLWHGRQWKHVXU
IDFHDQGDFWHGDVPDVNLQJVSRWVOHDGLQJWRWKHQDQRJUDVVVWUXFWXUH7KH6LZDIHULV
EODFN GXH WR WKH VXUIDFHPRGLILFDWLRQZLWK YHU\ ORZ UHIOHFWLYLW\ DQG FRUUHVSRQGLQJO\
KLJKDEVRUSWLRQRIYLVLEOHOLJKW
7KH VDPSOHVZHUH HOHFWURFKHPLFDOO\ FKDUDFWHUL]HG XVLQJ D SRWHQWLRVWDWJDOYDQRVWDW
%LRORJLF903LQDWKUHHHOHFWURGHFRQILJXUDWLRQ7KH\ZHUHYROWDPPHWULFDOO\F\FOHG
ZLWKLQDSRWHQWLDOUDQJH9±9YV/L/LZLWKDVFDQUDWHRIP9V7KH
JDOYDQRVWDWLF PHDVXUHPHQWV ZHUH FDUULHG RXW DW GLIIHUHQW FRQVWDQW FXUUHQW YDOXHV
ZLWKFXWRIIYROWDJHZLQGRZEHWZHHQDQG9$KRPHPDGH37)(HOHFWURFKHPL
FDOFHOOHTXLSSHGZLWK/LPHWDOFRXQWHUDQGUHIHUHQFHHOHFWURGHVZDVXVHGIRUHOHF
WURFKHPLFDO WHVWV7KHFHOO DVVHPEO\DQGHOHFWURFKHPLFDOPHDVXUHPHQWVZHUHSHU
IRUPHGLQDJORYHER[0%UDXQ*DUFKLQJ*HUPDQ\PDLQWDLQLQJ+2DQG2OHYHOV
EHORZSSP7KHVDPSOHVZHUH LQYHVWLJDWHGXVLQJDQXOWUDKLJK UHVROXWLRQVFDQ
QLQJHOHFWURQPLFURVFRSH)(6(0+LWDFKL6
 5(68/76
&\FOLFYROWDPPHWU\H[SHULPHQWV
&\FOLFYROWDPPHWU\RIWKH6LVDPSOHVDQGWKHFRUUHVSRQGLQJIODWUHIHUHQFHHOHFWURGHV
ZDVFDUULHGRXW)LJ7KHYROWDPPHWULFEHKDYLRXURIWKHWKUHHVDPSOHVZDVFRP
SDUHGEHWZHHQHDFKRWKHUDQGZLWKWKHUHIHUHQFH6LPDWHULDO)URPWKHFXUUHQWVUHJ
LVWHUHG GXULQJ WKH &9PHDVXUHPHQWV LW FDQ EH REVHUYHG WKDW JHQHUDOO\ ³EODFN 6L´
GLVSOD\VKLJKHUYROWDPPHWULFFXUUHQWVFRPSDUHGWRWKHUHIHUHQFHVDPSOHV)URPWKH
WKUHH VDPSOH LQYHVWLJDWHG % VKRZV WKH WKH KLJKHVW FKDUJH FDSDFLW\ DOPRVW WZLFH
WKDWRIVDPSOH$DQGVDPSOH&)LJ
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%DVHGRQWKLVUHVXOWVDPSOH%ZDVIXUWKHULQYHVWLJDWHGLQDORQJWLPHWHVWGXULQJ
FRQVHFXWLYHF\FOHV)LJ$PD[LPXPGLVFKDUJHFDSDFLW\ZDVUHDFKHGDWWKHWK
F\FOHDIWHUZKLFKDGHFUHDVHLQWKHYDOXHVZDVUHJLVWHUHG7KHFDSDFLWLHVFDOFXODWHG
RQWKHEDVLVRIWKHF\FOLFYROWDPPHWU\H[SHULPHQWVIRU WKHUHIHUHQFHVDPSOHDQGIRU
VDPSOH%GXULQJF\FOHVDQGDOVR IRU WKH ORQJ WLPHH[SHULPHQW DUHSUHVHQWHG LQ
)LJ
7KHVKDUSLQFUHDVHRIWKHFDSDFLW\DURXQGWKHWKF\FOHLQWKHORQJWLPHWHVWFDQEH
DWWULEXWHGWRSRVVLEOHFUDFNVWKDWRFFXUUHGLQWKHHOHFWURGHPDWHULDO
*DOYDQRVWDWLFPHDVXUHPHQWV
$VGLVFXVVHGDOUHDG\VDPSOH%GLVSOD\HGVXSHULRUSHUIRUPDQFHDQG WKHUHIRUHZDV
VHOHFWHG IRUJDOYDQRVWDWLF WHVWV$FRQVWDQWGHFUHDVH IRU WKH GLVFKDUJHFDSDFLW\RI
WKHQDQRJUDVVZDVUHJLVWHUHGIRUFXUUHQWYDOXHVEHWZHHQȝ$DQGȝ$7KHGH
FUHDVHRIWKHFKDUJHFDSDFLW\FDQEHH[SODLQHGE\WKHIDFWWKDWWKHHOHFWURGHPDWHULDO
LVSURJUHVVLYHO\FUDFNHGGXULQJFRQVHFXWLYHFKDUJLQJDQGGLVFKDUJLQJF\FOHV
6(0LPDJLQJ
)LJXUHSUHVHQWV6(0LPDJHVIRUVDPSOH%EHIRUHDQGDIWHUYROWDPPHWULFF\
FOHV,QLWLDOO\DOOWKHWKUHHVDPSOHVKDGDJUDVVOLNHVXUIDFHPRUSKRORJ\$IWHUWKH&9
PHDVXUHPHQWVWKHVXUIDFHPRUSKRORJ\RIWKHVLOLFRQVKRZHGVLJQLILFDQWGHJUDGDWLRQ
DQG WKH LQLWLDOQDQRVWUXFWXUHVZHUHQRPRUHGLVFHUQLEOH7KHKLJKQXPEHURIFUDFNV
LQGLFDWHWKDWWKHLQYHVWLJDWHGQDQRVWUXFWXUHGVLOLFRQHOHFWURGHGRHVQRWDFFRPPRGDWH

)LJ&KDUJLQJFDSDFLW\IRUWKHUHIHUHQFHVDPSOHF\FOHVDQGVDPSOH%DQGF\FOHV
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DGHTXDWHO\ WKH PHFKDQLFDO VWUHVV GXULQJ ORQJ WLPH FKDUJLQJ DQG GLVFKDUJLQJ SUR
FHVVHV 7KHVH FUDFNV GLVLQWHJUDWH WKH VDPSOH EXW DW WKH VDPH WLPH WKH\ H[SRVH
QHZDFWLYHPDWHULDOZLWKZKLFK/LLRQVFDQIXUWKHUUHDFW7KH6(0LPDJHVRIVDPSOHV
$DQG& LPDJHVQRW VKRZQ UHYHDOHG WKDW WKHQDQRVWUXFWXUHVRI WKH VXUIDFHZHUH
DOVRQRWYLVLEOHDIWHUWKHF\FOLFYROWDPPHWU\PHDVXUHPHQWV7KLVFRXOGEHGXHWRWKH
IRUPDWLRQRIDVROLGHOHFWURO\WHLQWHUSKDVH6(,RQWKHHOHFWURGHVXUIDFH$WWHPSWVWR
ZDVKDZD\WKHUHVLGXHVZLWKHWKDQRODQGDFHWRQHZHUHQRWVXFFHVVIXO
(A) (B)
)LJ6(0LPDJHVIRUVDPSOH%EHIRUH$DQGDIWHUWKHORQJWLPHWHVW%
E\F\FOLFYROWDPPHWU\LQ0/L7)6,>%03@>7)6,@

7KHGHSWKRI/LSHQHWUDWLRQ LQ WKHDFWLYHPDWHULDOZDVHVWLPDWHG IURPFURVVVHFWLRQ
6(0LPDJHV7KHYDOXHVREWDLQHGIURPWKHVHDSSUR[LPDWLRQVZHUHXVHGWRFDOFXODWH
WKHVSHFLILFFKDUJHFDSDFLW\IRUVDPSOH%ZKLFKLVDERXWP$KFP7KLVYDOXHLV
UHODWLYHO\VPDOOFRPSDUHGWRVLPLODUUHVXOWVLQWKHOLWHUDWXUH>@
 ',6&866,21
7KH UHVXOWV REWDLQHG LQ WKH SUHVHQW ZRUN DOORZ XV WR FRQFOXGH WKDW WKH QDQR
VWUXFWXULQJRIVLOLFRQLQWKHIRUPRIQDQRJUDVVHQKDQFHVWKHFKDUJLQJFDSDFLW\RIWKLV
DQRGHPDWHULDOIRUWKHOLWKLXPLRQEDWWHULHV
'XULQJ WKH &9 PHDVXUHPHQWV LW ZDV REVHUYHG WKDW DW WKH ILUVW VLOLFRQ DOOR\
LQJGHDOOR\LQJF\FOHWKHHOHFWURO\WHLQWHUDFWHGZLWK/L LRQVDQGWKHUHDFWLRQSURGXFWV
EHJDQWRDFFXPXODWHDWWKHHOHFWURGHLQWHUIDFHDQGWREXLOGD6(,OD\HU7KLVSURFHVV
ZDVGHVFULEHGDOVRE\%DUDQFKXJRYHWDO>@ZKRFRQVLGHUWKDWDWORZSRWHQWLDOYDO
XHVWKH7)6,DQLRQVXQGHUJRDUHGXFWLRQSURFHVVWKDWUHVXOWVLQWKHGHSRVLWLRQRIDQ
LQVROXEOHOD\HURQWKHHOHFWURGHVXUIDFH$VHFRQGSURFHVVWKDWWRRNSODFHGXULQJWKH
ILUVWYROWDPPHWULFF\FOHZDVWKHWUDQVIRUPDWLRQRIFU\VWDOOLQHLQWRDQDPRUSKRXVVWDWH
VLOLFRQPDWHULDO
%HVLGHVWKHQDQRVWUXFWXULQJWKHODUJHUFKDUJHFDSDFLW\REWDLQHGIRUVDPSOH%FDQEH
DWWULEXWHGDVZHOOWRWKHHQKDQFHGFRQGXFWLYLW\RIWKLVVDPSOH:HDOVRIRXQGWKDWWKH
FU\VWDORULHQWDWLRQRI WKHVLOLFRQXVHG IRU SUHSDULQJ WKHQDQRJUDVVGRHVQRWKDYHD
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV &9ODLFHWDO
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV &9ODLFHWDO
 
21
VWURQJ LQIOXHQFHRQ WKHHOHFWURFKHPLFDOEHKDYLRXU7KLVFRXOGEHUHODWHG WR WKHIDFW
WKDW IRU DOO VDPSOHV DIWHU WKH ILUVW &9 F\FOHV WKH FU\VWDOOLQH VLOLFRQ EHFRPHV DPRU
SKRXVDQGWKHFRQWULEXWLRQRIWKHLQLWLDOFU\VWDOORJUDSKLFRULHQWDWLRQLVOHVVVLJQLILFDQW
DIWHUZDUGV
 &21&/86,216
6LOLFRQZDVQDQRVWUXFWXUHGLQWKHIRUPRIDJUDVVOLNHPRUSKRORJ\7KUHHVDPSOHVRI
SW\SHDQGQW\SH6LZLWKGLIIHUHQWGRSLQJOHYHOVDQGGLIIHUHQWFU\VWDOORJUDSKLFRULHQWD
WLRQV  DQG  ZHUH LQYHVWLJDWHG E\ F\FOLF YROWDPPHWU\ DQG JDOYDQRVWDWLF
PHDVXUHPHQWVLQ0/L7)6,>%03@>7)6,@
7KHVDPSOHREWDLQHGIURPȍFPSW\SH6LVKRZHGWKHKLJKHVWFDSDFLW\
HQKDQFHPHQWUHODWLYHWRDIODW6LVXEVWUDWHGXHWRLWVKLJKFRQGXFWLYLW\7KHHIIHFWRI
WKHFU\VWDOORJUDSKLFRULHQWDWLRQVHHPVWREHPLQRUVLQFH6LEHFDPHDPRUSKRXVGXU
LQJ WKH ILUVW/LFKDUJLQJGLVFKDUJLQJSURFHVV8QIRUWXQDWHO\ WKHQDQRJUDVVOLNHPRU
SKRORJ\RI VLOLFRQGRHVQRWDFFRPPRGDWHDGHTXDWHO\ WKHPHFKDQLFDO VWUHVVGXULQJ
ORQJWLPHFKDUJLQJDQGGLVFKDUJLQJRI/LLRQV
&RQVLGHULQJ WKH ILUVW SURPLVLQJ UHVXOWV REWDLQHG ZLWK VLOLFRQ QDQRVWUXFWXUHV IXUWKHU
VWXGLHV ZLOO EH FDUULHG RXW IRU LQYHVWLJDWLQJ RWKHU QDQRVL]HGPRUSKRORJLHV VXFK DV
QDQRSRURXVVLOLFRQRUQDQRSRURXVQDQRSLOODU6L7KHVHQDQRVWUXFWXUHVDUHH[SHFWHG
WREHWWHUDFFRPPRGDWHWKHYROXPHFKDQJHVGXULQJ/LFKDUJLQJGLVFKDUJLQJSURFHVV
HVDORQJZLWKWKHHQKDQFHGFKDUJLQJFDSDFLW\
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Abstract: The paper deals with a theoretical description of the Al0.295Ga0.705As/GaAs multi-quantum 
well light emitting diode structure as a planar waveguide and photonic crystal acting as coupling 
grating. For characterisation of the waveguide optical properties, spectral ellipsometric measure-
ments were performed. The measurements show that photonic crystal patterned to the surface of 
the Al0.295Ga0.705As/GaAs multi-quantum well LED strongly affects its optical properties. 
Keywords: Photonic crystal, Light-emitting diode, waveguide, MQW  
1 INTRODUCTION 
Light extraction efficiency (LEE) is the limiting factor in achieving high optical power 
output from light emitting diodes (LED) because a high fraction of the generated light 
is back reflected by total internal reflection at the GaAs - air interface. Therefore, 
plenty of efforts try to improve LEE which has also a positive environmental impact 
because of saving electrical energy. In the last years, the LEE improvement is em-
ploying an approach based on periodic structures, called photonic crystals (PhC), or 
photonic bandgap (PBG) crystals [1] patterned in the surface of the structure [2-3]. 
The PhC patterning in the LED surface is a very promising method for improving LEE 
and other properties. This study is focused on theoretical description of 
Al0.295Ga0.705As/GaAs light emitting diode (LED) as a planar waveguide completed by 
variable angle spectroscopic ellipsometry measurements of this structure with two 
dimensional photonic crystal structures patterned into the surface. 
2 PHOTONIC CRYSTALS LED PROBLEM FORMULATION 
Considered LED structure is Al0.295Ga0.705As/GaAs based structure with 
Al0.295Ga0.705As active region consisting of three GaAs quantum wells. Structure ar-
rangement with the thicknesses of layers is shown in Fig. 1. Central wavelength of 
the realized LED is measured near 845 nm. Active layer region acts like a core of the 
planar waveguide with Al0.295Ga0.705As layers as a cladding. Emitted light from the 
active region is assumed to be a plane wave propagating in the planar waveguide. 
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Refractive index of the core consisting of the five layers of the two different materials 
can be approximated according to [4] using harmonic average of the ni2 for the TE 
mode and 1/ni2 for TM mode, where i is the number of the layer with corresponding 
thickness li.
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Fig. 1 Considered Al0.295Ga0.705As/GaAs LED 
structure with MQW waveguide active layer. 
2.1 Planar waveguide
As is mentioned above this structure acts like a symmetrical planar waveguide be-
cause approximated refractive index of the active region is larger than refractive indi-
ces of identical surrounding Al0.295Ga0.705As layers. Characteristic equations for pla-
nar waveguide according to [5] are
TETETE q) tg(uu  , (3)                    TETETE qug u   )(cot , (4) 
for TE modes and 
TM
AlGaAs
TMfeff
TMTM qn
n
utg u ,)(  , (5)       TM
AlGaAs
TMfeff
TMTM qn
n
ug u ,)(cot   , (6) 
for TM modes where normalized transverse wave numbers u and q are defined by 
means of half a height of guiding layer and wave vectors in y direction in guiding lay-
er (ky,f) and cladding layers (ky,AlGaAs) as 
jfyj k au ,, , (7)       jAlGaAsyj a kq ,, , (8) 
where j = TE,TM. These normalized wave numbers are not independent but they are 
related by equation 
22
,
2
,
2222 )( jjAlGaAsjfeffjj vnnakqu    . (9) 
Then 
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and solutions of equations are normalized transverse wave numbers of the modes 
which can be guided in the waveguide. 
22)( jjjj uvutg u  , (11)                  22)(cot jjjj uvug u    (12) 
Then propagation angle can be expressed as  
¸¸¹
·
¨¨©
§
¸¸¹
·
¨¨©
§
 
a
u
a
u
nk
arctgθ
j
2
j2
jfeff,
2
0
j
,  (13) 
where k0 is wave vector in the vacuum 
2.2 Coupling from corrugated waveguide using 1D PhC 
For coupling the guided modes to the air the one dimensional (1D) periodic struc-
ture is typically used (Fig. 2). It is patterned in the cladding layer of the waveguide 
and diffracted guided modes according to general phase-matching condition 
EES 212  / m (14) 
where m is diffraction order, / is grating period, E1 is incident light wave vector and E2
is diffracted light wave vector. To achieve diffraction direction perpendicular to inci-
dent light direction the first order diffraction has to be obtained. [5] Directions of these 
wave vectors are shown in Fig. 3. However this process is symmetrical, also for light 
coupling from air to the core of the waveguide, this phase matching condition must 
be satisfied. 
Fig. 2 Illustration of coupling 1D grating pat-
terned in the cladding layer of the waveguide for 
characterization of mode extraction. 
Fig. 3 Direction of incident and first-order diffracted wave vector in structure 
described above. (Okamoto, 2006) Light is diffracted perpendicular to incident 
light when z-direction wave vector of guided mode and wave vector of the 
coupling grating are equal. 
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2.3 2D photonic crystal 
Coupling grating shown in Fig. 2 is simple 1D PhC which couples light from air to 
the waveguide. But measured LED structure has patterned 2D photonic crystal. It is 
the simplest 2D PhC which uses square symmetry with two characteristic directions 
denoted as ΓX or ΓM direction. The grating period / was approximately 500 nm and 
circular shaped air holes were prepared using interference lithography with etching 
depth approximately 200 nm. Each direction acts like a 1D grating and also ellipso-
metric measurements were made for both directions separately. Real and reciprocal 
lattice of this structure with Brillouin zone is shown in Fig. 4. 
3 ELLIPSOMETRIC MEASUREMENTS 
The spectroscopic ellipsometry parameters can be used to characterize PBG struc-
tures because of the relationship between different polarization states. Ellipsometers 
in general can measure tan(<) and cos(Δ) or < and Δ, respectively. These parame-
ters are defined as [7] 
Fig. 4 Representation of the a) real and b) 
reciprocal lattice with Brillouin zone of 2D PhC 
with square symmetry. [6] 
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Spectral dependence of ellipsometric parameters measured at three different angles 
of incidence D for the LED structure without PhC is shown in Fig. 5. There are peaks 
and dips in tan(<) spectrum due to the interference between particular layers of 
the multilayered structure. Spectral dependence of the ellipsometry measurements 
of the PhC LED in *X and *M directions are shown in Fig. 6 and Fig. 7 respectively. 
From these two figures it can be clearly seen that peaks and dips invoked by inter-
ference still remain but there are additional peaks and dips (labelled with black ellip-
ses) which originate from different reflection coefficients of TE and TM modes for in-
vestigated PhC. This means, that the high reflection coefficient of TM modes in com-
parison to the TE modes reflection coefficient is responsible for peaks and high re-
flection coefficient of TE modes in comparison to the TM modes reflection coefficient 
is responsible for dips. The difference in reflection originates from the bands in pho-
Ϯϲ 
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tonic band diagram of PhC for TE and TM modes according to Ref. [7]. Then, TE 
bandgaps would appear as a dip in the tan(<) spectrum and TM bandgaps would 
lead to the peak value of tan(<). But there is also another phenomenon, which 
should be taken into account especially for structures like the investigated 
Al0.295Ga0.705As/GaAs multi-quantum well LED whose approximated refractive index 
[4][8][9] of active layer is higher than the refractive index of ambient layers. Such an 
active layer acts like a core of the planar waveguide with Al0.295Ga0.705As layers as a 
cladding [9][10]. Thus PhC patterned in the LED surface acts like a coupling grating 
[5][11], which can couple incident light from ellipsometer to the waveguide. So this 
means that peaks in the tan(<) spectrum indicate coupling of the TE modes and dips 
indicate coupling of the TM modes into the waveguide. Process of the coupling must 
satisfy condition that tangential component of wave vector in the air, photonic crystal 
and coreof the waveguide is equal. This can be expressed by equation
)T jCorePhCair ( .sinkk(a) .sink   , (18) 
where kair, kPhC, kCore is wave vector in air, photonic crystal and core of the waveguide 
respectively, α is incident wave angle from ellipsometer and Tj is propagation angle 
for appropriate guided mode (Eq. 13). 
Fig 5 Spectral dependence of ellipsometric pa-
rameter tan(<) for LED without PhC for different
angles. 
Fig 6 Spectral dependence of ellipsometric 
parameter tan(<) for PhC LED in *X direction 
for different angles. 
Fig. 7 Spectral dependence of ellipsometric 
parameter tan(<) for PhC LED in *M direction 
for different angles. 
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4 CONCLUSIONS 
Theoretical description of the 2D photonic crystals etched to the top of the 
Al0.295Ga0.705As/GaAs MQW LED and the measurements of their properties by spec-
troscopic ellipsometer are presented. For the presented structure the active region 
consisted of three quantum wells can be approximated by effective refractive index 
and thus the whole structure acts like a planar waveguide. Analysis of the tan(<)
spectrum showed that a PhC patterned surface strongly affects the polarization 
properties of the investigated sample. By comparison of the structures with and with-
out the PhC there is possible to specify which peaks and dips in the spectra are in-
voked by PhC, which indicates TE or TM modes coupling. Based on these results, 
forthcoming studies should reveal the relation of photonic band gaps and ellipsomet-
ric spectra. It was also shown, that individual layers of the investigated structure cre-
ate a waveguide with the active layer as a core and thus PhC can couple modes to 
this waveguide which has also effects on the polarization behaviour of the sample 
measured by ellipsometry and this effect should be taken into account in a next exact 
ellipsometric analysis. 
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Abstract
&ROGMRLQHGFRQQHFWRUVDUHZLGHO\XVHGRZLQJWRWKHVLPSOLFLW\RIWKHDVVHPEO\SURFHVVWKHORZ
LQLWLDOLQYHVWPHQWDQGWKHSRVVLELOLW\WRMRLQVHYHUDOFRQWDFWVLQSDUDOOHO,QDGGLWLRQKHDWGLVVLSD
WLRQDQGFRQWDPLQDWLRQZLWKIOX[GRHVQRWRFFXULQWKLVMRLQLQJSURFHVV
'XHWRWKHIDVWJURZLQJQXPEHURIKLJKFXUUHQWDSSOLFDWLRQVLQWKHDXWRPRWLYHLQGXVWU\LQFUHDVLQJ
HIIRUWVDUHEHLQJPDGHLQRUGHUWRPDNHWKHDGYDQWDJHVRIWKHFROGMRLQLQJWHFKQRORJ\VXLWDEOHIRU
KLJKFXUUHQWV,QSDUDOOHOQHZ)LQLWH(OHPHQW0HWKRGPRGHOVDUHVWLOOWREHGHYHORSHGIRUWKHSXU
SRVHRIVXSSRUWLQJWKHQHZGHVLJQF\FOH
%LJFURVVVHFWLRQVQHHGHGIRUKLJKFXUUHQWDSSOLFDWLRQVOHDGWRKLJKLQVHUWLRQIRUFHVDQGWKXVWR
DVWURQJPDWHULDOGDPDJHLQWKHFRQWDFW]RQH7KHUHRIQHZFKDOOHQJHVDULVHERWKLQWHUPVRIGH
VLJQDQG)(0VLPXODWLRQRIWKHQRYHOFRQQHFWRUV
)(0PRGHOLQJRIWKHLQVHUWLRQSURFHVVHVUHTXLUHVDJRRGNQRZOHGJHRIWKHPDWHULDOSURSHUWLHVLQ
WKHFRQWDFWDUHD7KHSUHIHUUHGWHFKQRORJ\WRSURGXFHWKHDVVHPEO\SDUWVRIFROGMRLQHGFRQQHF
WLRQVLVVWDPSLQJ6WDPSLQJFDXVHVVWURQJVWUDLQKDUGHQLQJLQWKHFRQWDFW]RQHDQGWKHUHIRUHDO
WHUVWKHPDWHULDOSURSHUWLHVVLJQLILFDQWO\7KXVPDWHULDOSURSHUWLHVLQWKHFRQWDFWDUHDGLIIHUVLJQLI
LFDQWO\IURPWKHEDVHPDWHULDODQGKDYHWREHUHGHILQHG
7KLVSDSHUGLVFXVVHVQHZPHWKRGVWRFKDUDFWHUL]HWKHHODVWLFSODVWLFEHKDYLRURIFRSSHUSDUWVLQ
WKHVSKHUHRILQIOXHQFHRIWKHVWDPSLQJSURFHVVE\PHDQVRIPLFURLQGHQWDWLRQH[SHULPHQWV
 ,1752'8&7,21
0RVWRIWKHFROGMRLQLQJWHFKQRORJ\VLQFHWKHVIRFXVHGRQWKHHODVWLFGHIRUPDWLRQ
RI RQHRI WKH FRQWDFW SDUWQHUV >@1HYHUWKHOHVV KLJK FXUUHQW DSSOLFDWLRQV UHTXLUH
ODUJHFRQWDFWDUHDVDQGWKXVPDVVLYHFRQWDFWSDUWQHUVKDYHWREHGHVLJQHG
&ROGMRLQLQJFRQQHFWRUVUHTXLUHYHU\FORVHWROHUDQFHVIRUWKHDVVHPEO\SDUWVLQRUGHU
WRJHWDVWDEOHMRLQLQJSURFHVV>@6WDPSLQJLVWKHSUHIHUUHGPDQXIDFWXULQJSURFHVV
WR GHOLYHU WKH QHFHVVDU\ UHSURGXFLELOLW\ RI WKH SDUWV DQG WR JXDUDQWHH D UREXVW DV
VHPEO\SURFHVV$VVKRZQ LQ)LJ WKHVWDPSLQJSURFHVVSURGXFHVDKLJKSODVWLF
VWUDLQLQWKHPDWHULDODQGWKHUHIRUHFKDQJHVVLJQLILFDQWO\WKHPHFKDQLFDOSURSHUWLHVRI
WKHSDUWVWREHMRLQHG
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Fig. 1. 0LFURVWUXFWXUHRI&X6QDIIHFWHGE\
WKHVWDPSLQJSURFHVV

'XULQJ WKH MRLQLQJRIPDVVLYHKLJKFXUUHQW FRQQHFWRUV WKH LQVHUWLRQ IRUFH LVPDLQO\
DEVRUEHGE\ IULFWLRQDQGSODVWLF GHIRUPDWLRQRI RQHRU ERWK FRQWDFW SDUWQHUV LQ WKH
FRQWDFW ]RQH 7KH FRQWDFW ]RQH RI WKH SDUWV KDV SUHYLRXVO\ EHHQ DOWHUHG E\ WKH
VWDPSLQJ SURFHVV .QRZLQJ WKHPHFKDQLFDO SURSHUWLHV RI WKH MRLQLQJ SDUWV FORVH WR
WKHFRQWDFWDUHDLVFUXFLDOIRUDFRUUHFWXQGHUVWDQGLQJGHVLJQDQGVLPXODWLRQRIWKH
MRLQLQJSURFHVV
0LFURLQGHQWDWLRQLVDQDFFHVVLEOHDQGVXLWDEOHZD\RIGHWHUPLQLQJPHFKDQLFDOPDWH
ULDO SURSHUWLHV LQ VPDOOPDWHULDO YROXPHV7KHUHIRUH D QHZPHWKRG LV VXJJHVWHG WR
UHHYDOXDWH WKH ORFDO PDWHULDO SURSHUWLHV LQ VWUDLQKDUGHQHG ]RQHV DV LOOXVWUDWHG LQ
)LJ
7KHVWUHQJWKRIWKHFRSSHUSODWHVXVHGWRSURGXFHWKHFROGMRLQLQJFRQQHFWRULVDGH
VLJQYDULDEOH$VVKRZQ LQ)LJPLFURLQGHQWDWLRQH[SHULPHQWVKDYHEHHQXVHG WR
ILQGDFRUUHODWLRQEHWZHHQKDUGQHVVDQGPHFKDQLFDOSURSHUWLHVXVLQJWKHVHFRPPHU
FLDOFRSSHUDQGEURQ]HSODWHVZLWKGLIIHUHQWKDUGQHVV7KLVFRUUHODWLRQVKRXOGGHOLYHU
PDWHULDOSURSHUWLHVWKDWFDQEHLPSOHPHQWHGRQWKHH[LVWLQJ)(0PRGHOV
2QWKHRWKHUKDQGWKHKDUGQHVVLQWKHDUHDRILQIOXHQFHRIWKHVWDPSLQJSURFHVVKDV
EHHQVFUHHQHG7KHDERYHPHQWLRQHGFRUUHODWLRQVZLOODOORZFRUUHODWLQJWKHKDUGQHVV
VFUHHQLQJZLWKDGLVWULEXWLRQRIGLIIHUHQWPDWHULDOSURSHUWLHVWKDWZLOOEHLPSOHPHQWHG
LQD)(0FRGH
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Materials 
7KHPLFURVWUXFWXUHVWKHIRXUFRPPHUFLDOVDPSOHVDUHVKRZQLQ)LJ7KUHH&X(73
UROOHG SODWHVZLWK GLIIHUHQW VWUHQJWKV DFKLHYHG E\ GLIIHUHQW KHDW WUHDWPHQWV GXULQJ
DIWHUWKHUROOLQJSURFHVVDQGD&X6QDOOR\KDYHDOVREHHQXVHGWRILQGWKHFRUUHOD
WLRQEHWZHHQWKHPLFURLQGHQWDWLRQH[SHULPHQWVDQGWKHHODVWLFSODVWLFEHKDYLRURIWKH
PDWHULDOV
6DPSOHVZLWK LGHQWLFDOFKHPLFDOFRPSRVLWLRQEXWGLIIHUHQWZRUNKDUGHQLQJOHYHOVZLOO
DOORZIRUDFRUUHODWLRQEHWZHHQWKHKDUGQHVVDQGWKHSODVWLFEHKDYLRURIWKHPDWHULDO
7KH&X6QDOOR\ZLOODOVREHWUHDWHGDVDVWUDLQKDUGHQHGSXUHFRSSHU
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WRSYLHZRIWKHSODWHVXUIDFH(OHF
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E&X(735 F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
+DUGQHVVPHDVXUHPHQWVDQGWHQVLOHWHVW LQSDUDOOHODQGSHUSHQGLFXODUWRWKHUROOLQJ
GLUHFWLRQ VKRZHGQR FOHDU DQLVRWURSLF EHKDYLRU RI WKH VSHFLPHQV7KXV DSRVVLEOH
DQLVRWURS\GXHWRWKHUROOLQJGLUHFWLRQRIWKHSODWHVKDVEHHQQHJOHFWHGDQGGLIIHUHQW
GLUHFWLRQVKDYHEHHQFRQVLGHUHGHTXDO
Tensile Tests 
7KH WUXHVWUHVV WUXHVWUDLQFRQVWLWXWLYHEHKDYLRURI WKH IRXUPDWHULDOVKDVEHHQGH
WHUPLQHGXVLQJWHQVLOHWHVWV
7KHVSHFLPHQVIRUWKHWHQVLOHWHVWKDYHEHHQSURGXFHGDFFRUGLQJWR',1
DQGWKHSODVWLFVWUDLQKDVEHHQDVVHVVHGZLWKRSWLFVFUHHQLQJ LQRUGHU WRREWDLQ
UHDOVWUDLQGDWDDIWHUWKHQHFNLQJ
200 m 
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7KUHHVDPSOHVKDYHEHHQWHVWHGLQWKHGLUHFWLRQRIUROOLQJDQGWKUHHVDPSOHVLQ WKH
SHUSHQGLFXODUGLUHFWLRQ IRUHDFKPDWHULDO7KHPHDVXUHPHQWXQFHUWDLQW\ZDV IRUDOO
PDWHULDOVXQGHU
Hardness Tests 
0LFURDQGQDQRLQGHQWDWLRQH[SHULPHQWVKDYHEHHQZLGHO\XVHGWRFKDUDFWHUL]HPH
FKDQLFDOSURSHUWLHV LQZRUNKDUGHQHG]RQHV >@$FRUUHODWLRQEHWZHHQ WKHPHDV
XUHGKDUGQHVVDQGWKHHIIHFWLYHVWUDLQDOORZVFKDUDFWHUL]LQJWKHVWUHQJWKGLVWULEXWLRQ
DORQJ WKHQRWXQLIRUPO\SODVWLFDOO\GHIRUPHGSDUW6HYHUDODQDO\WLFDODSSURDFKHV >
@DQG)(06LPXODWLRQV >@KDYHEHHQVXJJHVWHG WRFRUUHODWHHIIHFWLYHVWUDLQ
ZLWKKDUGQHVV
0RVWSURFHGXUHVXVHFRQWLQXRXVEDOO LQGHQWDWLRQ WRGHWHUPLQHWKHVWUHVVVWUDLQEH
KDYLRURI WKHPDWHULDOV >@DV LWGHOLYHUV LQIRUPDWLRQDERXW WKHZKROHIORZ
FXUYHRIWKHPDWHULDOLQDVLQJOHLQGHQWDWLRQ
2QWKHFRQWUDU\ WKHKDUGQHVVSODVWLFVWUDLQDQGVWUHVVSURGXFHGZLWKD9LFNHUV LQ
GHQWHULVLQGHSHQGHQWRIWKHORDGEHFDXVHRIWKHVHOIVLPLODULW\RIWKHS\UDPLGGLV
UHJDUGLQJWKHLQGHQWDWLRQVL]HHIIHFWZLWKLQWKHUDQJHRIPLFURKDUGQHVV7KXVRQO\
LQIRUPDWLRQRIDVLQJOHSRLQWLQWKHIORZFXUYHFDQEHREWDLQHGIURPD9LFNHUVLQGHQWD
WLRQ
7KHPDLQVRXUFHRIPHDVXUHPHQWXQFHUWDLQW\LVWKHVDPSOHSUHSDUDWLRQ*ULQGHGDQG
HOHFWURSROLVKHGXQHWFKHGVXUIDFHVGHOLYHUWKHEHVWUHVXOWV
$VSKHULFDO%ULQHOOLQGHQWHUZLWK' PPZDVWHVWHG'XHWRLWVJHRPHWU\WKH%UL
QHOOLQGHQWHUSURGXFHVVXSHUILFLDODQGELJLQGHQWDWLRQV7KXVDQLQGHQWDWLRQIRUFHRI
P1LVQHFHVVDU\WRJHWDQLQGHQWDWLRQGHSWKRIDERXWPDQGDPHDVXUHPHQW
XQFHUWDLQW\EHORZ7KLVSURFHGXUHGRHVQRWGHOLYHU WKHQHFHVVDU\ UHVROXWLRQ WR
JHW DQ H[KDXVWLYH GHVFULSWLRQ RI WKH KDUGQHVV GLVWULEXWLRQ LQ WKH VPDOO VWUDLQ
KDUGHQHGDUHD
&KDUDFWHUL]LQJWKHKDUGQHVVGLVWULEXWLRQLQDVPDOOVWUDLQKDUGHQHG]RQHUHTXLUHVUH
OLDEOHPHDVXUHPHQWVHYHQIRUVPDOOORDGLQJIRUFHVLQRUGHUWRJHWDVPDQ\LQGHQWD
WLRQVDVSRVVLEOHLQWKHDUHDWREHVWXGLHG
9LFNHUVLQGHQWDWLRQLVUHSOLFDEOHHYHQZLWKVPDOOHUORDGLQJIRUFHVDQGPDQ\LQGHQWD
WLRQV FRXOG EHPDGH LQ WKH VWUDLQKDUGHQHGDUHD7KDW LVZK\ WKH9LFNHUV LQGHQWHU
SURYHG WREH WKHPRVW VXLWDEOHDOWHUQDWLYH WR FKDUDFWHUL]H WKH LQIOXHQFHDUHDRI WKH
VWDPSLQJSURFHVV
7KHORDGLQJIRUFHKDVEHHQPLQLPL]HGLQRUGHUWRJHWDVPDQ\LQGHQWDWLRQVDVSRVVL
EOH$ ORDGLQJ IRURIP1GHOLYHUVDPHDVXUHPHQWXQFHUWDLQW\EHORZIRU WKH
IRXUPDWHULDOV7KLVIRUFHKDVEHHQNHSWFRQVWDQWIRUDOOPHDVXUHPHQWV
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV ($ULVWL]DEDO)*QWHU36FKDDI
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7KHHIIHFWRIWKHORDGLQJWLPHZDVDOVRVWXGLHGDVVKRZLQ)LJ$VKRUWHUORDGLQJ
WLPH LQGXFHVDKLJKHU YDOXHRI WKHKDUGQHVV 7KLVZDV WREHH[SHFWHGGXH WR WKH
VWUDLQUDWHGHSHQGHQWEHKDYLRURIFRSSHU7KHVWUDLQUDWHGHSHQGHQF\EHFRPHVFULWL
FDOIRUUDWHVDERYHVEXWWKHHIIHFWLVDOVRQRWLFHDEOHIRUORZHUVWUDLQUDWHV>@
1RQHWKHOHVVWKHGLIIHUHQFHVGXHWRWKHVWUDLQUDWHDUHWRRVPDOOWREHDVVHVVHGZLWK
DPHDVXUHPHQWXQFHUWDLQW\ WKDWFDQ UHDFKDVVKRZ LQ)LJ&RQVHTXHQWO\D
ORDGLQJWLPHRIVHFRQGVKDVEHHQNHSWFRQVWDQWIRUDOOPHDVXUHPHQWV

Fig. 4. (IIHFWRIWKHORDGLQJYHORFLW\RQWKH9LFNHUV+DUGQHVVP1

7KH ORDGGHSWKFXUYHVKDYHEHHQFROOHFWHG9LFNHUVKDUGQHVVKDVEHHQHYDOXDWHG
DVWKHJRDOLVWRFRUUHODWHMXVWWKHSODVWLFFRPSRQHQWRIWKHLQGHQWDWLRQZLWKWKHIORZ
FXUYH
 5(68/76
Tensile tests 
7HQVLOHWHVWSURYLGHWKHGHVFULSWLRQRIWKHWUXHVWUHVVHIIHFWLYHSODVWLFVWUDLQUHODWLRQ
RIWKHIRXUPDWHULDOV7KHDYHUDJHRIWKUHHPHDVXUHPHQWVLVVKRZLQ)LJDIRUHDFK
RIWKHIRXUVSHFLPHQV7KHPHDVXUHPHQWXQFHUWDLQW\LVLQHDFKFDVHEHORZ
7KHVHUHVXOWVZLOOVHWXSWKHUHIHUHQFHIORZSURSHUWLHVDJDLQVWZKLFKWKHUHVXOWVRIWKH
KDUGQHVVPHDVXUHPHQWVZLOOEHFRPSDUHG
$OOPDWHULDOVVKRZLQWKHILQDOVWDJHRIWKHIORZFXUYHWKHVDPHFRQVWDQWKDUGHQLQJ
7KH DVVXPSWLRQ RI WKH VSHFLPHQV EHLQJ WKH VDPH PDWHULDO LQ GLIIHUHQW VWUDLQ
KDUGHQHGFRQGLWLRQVLVWHVWHGLQ)LJEDVVLJQLQJDQLQLWLDOSODVWLFKDUGHQLQJWRWKH
IORZFXUYHV7KHVWUDLQKDUGHQHGFXUYHVKDYHDKLJKHU\LHOGVWUHVVWKDQWKHRQHSUH
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV ($ULVWL]DEDO)*QWHU36FKDDI
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6WDPSLQJ
GLUHFWLRQ
200 m 
GLFWHG ZLWK WKH DVVXPSWLRQ GXH WR WKH GLIIHUHQW WKHUPDO SURFHVVHV WKDW WKH\ KDYH
EHHQVXEMHFWHGWR

D (b) 
Fig. 5. D7UXHVWUDLQWUXHVWUHVVFRQVWLWXWLYHEHKDYLRURIWKHVWXGLHGPDWHULDOV5HVXOWVRIWKHWHQVLOH
WHVWV E6FKHPDWLF UHSUHVHQWDWLRQRI WKH IORZFXUYHVRI WKHGLIIHUHQWVDPSOHV DVVWUDLQKDUGHQHG
VSHFLPHQVRIWKHVDPHPDWHULDO
Hardness screening on the strain-hardened area 
+DUGQHVV VFUHHQLQJV RQ WKH LQIOXHQFH DUHD RI WKH VWDPSLQJ RI UHDO SDUWV IRU FROG
MRLQHGFRQQHFWRUVKDYHEHHQFDUULHGRXWDVUHSUHVHQWHGLQ)LJ
Fig. 6.6FKHPDWLFUHSUHVHQWDWLRQRI
WKHKDUGQHVVVFUHHQLQJRQVWDPSHG
SDUWVIRUFROGMRLQHGFRQQHFWRUV

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7KHGLVWDQFHEHWZHHQLQGHQWDWLRQVZDVNHSWDFFRUGLQJWR,62$QLQGHQWDWLRQ
HYHU\PZDVPDGH LQ<GLUHFWLRQDQGHYHU\PLQ;GLUHFWLRQ7KHSORWV LQ
)LJVKRZWKHOLQHDUO\LQWHUSRODWHGUHVXOWV
3ODWHVPDGHRIHDFKRIWKHIRXUUHIHUHQFHPDWHULDOVKDYHEHHQWHVWHG
7KHVWUDLQKDUGHQHGDUHDE\WKHVWDPSLQJSURFHVVDQGWKHKDUGQHVVGLIIHUHQFHVRQ
WKHEXONPDWHULDOEHWZHHQWKHGLIIHUHQWVSHFLPHQVDUHYLVLEOHLQ)LJDOOSORWVKDYH
WKHVDPHVFDOH7KHZLGWKRIWKHVWUDLQKDUGHQHGDUHDGHFUHDVHVZLWKWKHKDUGQHVV
RIWKHEDONPDWHULDO
7KHKDUGQHVVRIWKHEXONPDWHULDOLVLQJRRGDJUHHPHQWZLWKWKHKDUGQHVVVSHFLILFD
WLRQVLQWKHGDWDVKHHWRIWKHSODWHV
7KH VWUHVVHG UHOLHYHG VDPSOH &X(73 5 )LJ  D VKRZV QRW RQO\ D FOHDUO\
VWUDLQKDUGHQHG]RQHRQWKHVWDPSHGHGJHEXWDOVRDUROOLQJVNLQWKDWKDVWREHWDN
HQLQWRDFFRXQW
7KH VHFRQG VDPSOH &X(73 5 KDV DOVR D VWUDLQKDUGHQHG ]RQH GXH WR WKH
VWDPSLQJSURFHVV ,W LV UHSUHVHQWDWLYH WKDW WKH WZR VRIWHVWPDWHULDOV VKRZDKLJKHU
KDUGQHVVRQWKHVWUDLQKDUGHQHG]RQHWKDQWKHKDUGHVWUHIHUHQFHPDWHULDO7KLVHP
ERGLHVRQFHDJDLQ WKHQHHGRIDGHTXDWHGHVFULSWLRQRIPDWHULDOSURSHUWLHVDIWHU WKH
VWDPSLQJSURFHVV
7KH KDUGQHVV VFUHHQ RQ WKH WZR KDUGHVW PDWHULDOV &X(73 5 DQG &X6Q
5 VKRZV D KLJKHU VWDWLVWLFDO VSUHDG XS WR  HYHQ LQ WKH ]RQH ;! P
ZKHUH WKH LQIOXHQFH]RQHRI WKHVWDPSLQJKDVHQGHG0RUHPHDVXUHPHQWVKDYH WR
EHFDUULHGRXWLQRUGHUWRVWDWLVWLFDOO\DVVXUHDKDUGQHVVGLVWULEXWLRQRIERWKPDWHULDOV
,WLVUHPDUNDEOHWKDWWKHVDPSOH&8(73VKRZVDVWUDLQVRIWHQLQJLQWKHVWDPSHG
HGJH7KLV FRXOGEHDPHDVXUHPHQWDUWLIDFWGXH WR WKHVDPSOHSUHSDUDWLRQDV WKH
HOHFWURSROLVKLQJFKDPIHUVVOLJKWO\WKHHGJHVDQGPD\GLVWRUWWKHPHDVXUHPHQWV

,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV ($ULVWL]DEDO)*QWHU36FKDDI
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D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 
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  
Fig. 7. +DUGQHVV VFDQV RQ WKH VWDPSHG RI WKH IRXU VWXGLHG PDWHULDOV D &X(73
5E&X(735F&X(735G&X6Q5

,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV ($ULVWL]DEDO)*QWHU36FKDDI
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Hardness measurements on the reference materials 
$ UHSUHVHQWDWLYH ORDGGHSWK LQGHQWDWLRQ FXUYH LV UHSUHVHQWHG LQ)LJ DDV DPHDQ
FXUYHRIPHDVXUHPHQWV IRU WKH IRXUGLIIHUHQWVSHFLPHQV7KHFRUUHVSRQGLQJ+9
YDOXHVDUHLQGLFDWHGLQ)LJE
7KH KDUGQHVV FKDUDFWHUL]DWLRQ RI WKH PDWHULDOV ZDV FDUULHG RXW LQ QRQHPEHGGHG
VSHFLPHQVDQGWKHPPFRSSHUSODWHVZHUHJULQGHGDQGHOHFWURSROLVKHGVRWKDWWKH
LQGHQWDWLRQVGRQRWWDNHSODFHRQWKHUROOLQJVNLQ
1RQHWKHOHVVWKHKDUGQHVVVFUHHQ)LJDVKRZHGWKHSUHVHQFHRIDGLVWLQFWLYHUROO
LQJVNLQ LQ WKHPDWHULDO&X(735 DOVR UHSUHVHQWHG LQ)LJ 7KLVPDNHV WKH
KDUGQHVVYDOXHVPHDVXUHGDVUHIHUHQFHRXWVLGHIURPWKHUROOLQJVNLQQRWUHSUHVHQWD
WLYHIRUDFRUUHODWLRQZLWKDWHQVLOHWHVWVLQFHGXULQJDWHQVLOHWHVWWKHZKROHFURVVVHF
WLRQRIWKHVSHFLPHQLVVXEMHFWHGWRWKHVDPHVWUDLQ

Fig. 9.5ROOLQJVNLQ0DWHULDO&X
(735



D E
Fig. 8. +DUGQHVVFKDUDFWHUL]DWLRQRI WKH IRXU UHIHUHQFHPDWHULDOV D ,QGHQWDWLRQ ORDGGHSWKFXUYHV
E9LFNHUV +DUGQHVV
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV ($ULVWL]DEDO)*QWHU36FKDDI
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$ UHSUHVHQWDWLYH KDUGQHVVZDV FDOFXODWHG DV VKRZQ LQ(T  7KH FRUUHFWHGKDUG
QHVVIRU&X(735LV+9 03D
+5 V
HdV³                                                                                              Eq. 1

$OWKRXJKWKHVDPSOH&X(735LVWKHRQO\RQHZLWKDGLVWLQFWLYHUROOLQJVNLQWKH
VDPHPHWKRGZDVDSSOLHGWRFRUUHFWWKHKDUGQHVVRIDOORWKHUVSHFLPHQV7KHGLIIHU
HQFHEHIRUHDQGDIWHUWKHFRUUHFWLRQSURSRVHGLQ(TLVUHSUHVHQWHGLQ)LJ

Fig. 10.9LFNHUV+DUGQHVVRIWKHIRXUVSHFLPHQVDIWHUDQGEHIRUHWKHDGMXVWPHQWVXJJHVWHGWRFRQ
VLGHUWKHLQKRPRJHQHLW\RIWKHSODWHVGXHWRWKHUROOLQJVNLQ
  
7KHGLIIHUHQFHWKDWFDQEHREVHUYHGLQ)LJIRUWKHVDPSOH&X(735LVGXHWR
WKHGLVWLQFWLYHUROOLQJVNLQ7KHGLIIHUHQFHREVHUYHGIRUWKHUHVWRIVSHFLPHQVLVPDLQO\
FDXVHGE\WKHPHDVXUHPHQWXQFHUWDLQW\
Correlation of hardness values with material properties for implementation in a 
FEM code 
Method 1: Scale factor for the Rp0,2% yield stress 
&RUUHODWLQJDQHZ5SIRUHDFKKDUGQHVVYDOXHSURYLGHVDGHVFULSWLRQRIWKHVWUDLQ
KDUGHQHG]RQHWKDWFDQEHHDVLO\LPSOHPHQWHGLQD)(0FRGHDIWHUDQLQWHUSRODWLRQ
SURFHVV(DFKLQWHJUDWLRQSRLQWRIWKH)(0JULGZRXOGJRWDVVLJQHGGLIIHUHQWRIIVHWV
RI\LHOGVWUHVVLQRUGHUWRWDNHLQWRDFFRXQWWKHVWUDLQKDUGHQLQJFDXVHGE\WKHVWDPS
LQJ
)LJVKRZVWKHUHODWLRQVKLSEHWZHHQKDUGQHVVDQG5SIRUWKHIRXUUHIHUHQFH
VDPSOHVWKDWZDVPHDVXUHGE\PHDQVRIWKHWHQVLOHWHVWV
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV ($ULVWL]DEDO)*QWHU36FKDDI
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Method 2: Calculation of an initial plastic strain İp0
(DFKKDUGQHVVYDOXHFRUUHVSRQGVWRDFHUWDLQSODVWLFVWUDLQ.QRZLQJWKHUHODWLRQVKLS
EHWZHHQWKHVHWZRSDUDPHWHUVZRXOGEHWKHVHFRQGRSWLRQWRLPSOHPHQWWKHHIIHFWRI
WKHVWUDLQKDUGHQLQJLQWKH)(06LPXODWLRQRIWKHFROGMRLQLQJSURFHVV
$OO LQWHJUDWLRQSRLQWVZRXOGJHWDVVLJQHG WKHVDPH IORZFXUYH EXWDQ LQLWLDO SODVWLF
KDUGHQLQJ ZRXOG EH DVVLJQHG WR WKH HOHPHQWV DIIHFWHG E\ WKH KDUGHQLQJ DIWHU WKH
VWDPSLQJSURFHVV
$VDOUHDG\PHQWLRQHGVHYHUDODQDO\WLFDODSSURDFKHVKDYHEHHQVXJJHVWHGWRFRUUH
ODWHDVWUDLQYDOXHWR9LFNHUVKDUGQHVV1RQHWKHOHVVH[SODLQLQJWKHYDOXHRIWKHSODV
WLFVWUDLQZLWKHQHUJ\RUVLPLODUDSSURDFKHVMXVWJXDUDQWHHDQHUURUEHORZ
$YHU\VLPSOLILHGDSSURDFKZRXOGEHXVLQJ WKH LQLWLDOSODVWLFVWUDLQYDOXHVDSSOLHG LQ
)LJEDQGFRUUHODWLQJWKHPWRWKH9LFNHUVKDUGQHVVRIHDFKVSHFLPHQ)LJ

Fig. 11.9LFNHUV+DUGQHVVYVWKH5SIORZVWUHVVRIWKHUHIHUHQFHVDPSOHV
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV ($ULVWL]DEDO)*QWHU36FKDDI
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7UXH6WUHVV
I II III 
7UXH6WUDLQ
7UXH6WUHVV
I II III 
+DUGHQLQJ

Fig. 12.9LFNHUV+DUGQHVVYVWKHİSIORZVWUHVVRIWKHUHIHUHQFHVDPSOHV

 ',6&866,21
Tensile tests and the true stress/ true strain constitutive behavior of the sam-
ples 
7KH IORZ FXUYH RI SRO\FU\VWDOOLQH FRSSHU VKRZV WKUHH GLIIHUHQW UDQJHV WKDW DUH GH
VFULEHGLQ)LJ>@
7KHKDUGHQLQJH[SRQHQWLQFUHDVHVUDSLGO\LQWKHILUVWVWDJHGXHWRWKHVWRUDJHRIGLV
ORFDWLRQV7KHRQVHWFURVVVOLSSLQJRIVFUHZGLVORFDWLRQVSURGXFHVDGHFUHDVHRIWKH
KDUGHQLQJ H[SRQHQW RQ WKH VHFRQG UDQJH 7KH WKLUG UDQJH VKRZV D ORZ FRQVWDQW
KDUGHQLQJDWKLJKSODVWLFVWUDLQ
Fig. 13. .RFNV0HFNLJ3ORW3RO\FU\VWDOOLQHGHIRUPDWLRQRIIFFPDWHULDOV

'XH WR WKHLUZRUNKDUGHQLQJ WKH IORZ FXUYHV RI DOO IRXU UHIHUHQFHPDWHULDOV H[FHSW
&X(735VKRZDIWHUWKH\LHOGSRLQWDVORZFRQVWDQWKDUGHQLQJFRUUHVSRQGLQJWR
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WKHWKLUGUDQJH7KXVWKHVWUHVVVWUDLQUHODWLRQIRUWKHWKUHHKDUGHVWPDWHULDOVLVOLQHDU
DIWHUWKH\LHOGSRLQW
7KHUHODWLRQVKLSEHWZHHQWKH9LFNHUV+DUGQHVVDQGWKHIORZVWUHVVLVGLUHFWO\SURSRU
WLRQDO>@
7KHUHIRUHQRWRQO\ WKH UHODWLRQVKLSEHWZHHQKDUGQHVVDQG\LHOG VWUHVV LV OLQHDU IRU
WKH&X(73VDPSOHVEXWDOVRWKHSODVWLFVWUDLQFDQEHOLQHDUO\LQWHUSRODWHGEHWZHHQ
WKHKDUGQHVVYDOXHVRI&X(735DQG&X(735
8VLQJ WKHIRXUGLIIHUHQWFRPPHUFLDOSODWHVIRU WKHYDOLGDWLRQRI WKHPHWKRGSUHVHQWV
VRPH OLPLWDWLRQV 7KH KDUGHQLQJ PHFKDQLVP EHWZHHQ GLIIHUHQW VDPSOHV DQG WKH
KDUGHQLQJPHFKDQLVPV GXULQJ WKH VWDPSLQJ SURFHVV DUH QRW WKH VDPH GXH WR WKH
WHPSHUDWXUH WUHDWPHQWRI WKHSODWHV )LJ7KLVHIIHFWRI WKHPDGHDVVXPSWLRQ LV
DOVRYLVLEOHLQ)LJEZKHUHLWEHFRPHVHYLGHQWWKDWWKHVDPSOHVDUHQRWMXVWVWUDLQ
KDUGHQHGVSHFLPHQVRIWKHVDPHIORZFXUYH
Hardness measurements 
7KHKDUGQHVVVFUHHQLQJRIWKHVWUDLQKDUGHQHGDUHDVVKRZDVLJQLILFDQWHIIHFWRIWKH
VWDPSLQJSURFHVVDV LWZDVH[SHFWHG )LJ DQGFRQILUPV WKHQHHG WR UHHYDOXDWH
ORFDOPDWHULDOSURSHUWLHV0RUHRYHU LWJLYHVDGGLWLRQDOLQIRUPDWLRQDERXWWKHQHHGRI
PRGHOLQJ WKH LQKRPRJHQHLW\GXH WR WKH UROOLQJVNLQRI WKHSODWHV HVSHFLDOO\ IRU WKH
&X(735VSHFLPHQ
'XHWRWKHOLQHDUUHODWLRQVKLSEHWZHHQ+9DQGWKHIORZVWUHVVDOOVDPSOHVH[FHSWWKH
&X6QDOOR\ UHYHDO DV H[SHFWHG D OLQHDU+5 FRUUHODWLRQ WKH WKUHH&X(73
VDPSOHV KDYH D OLQHDU + 5 FRUUHODWLRQ ZLWK 5! 7KH &X6Q FDQQRW EH
FRQVLGHUHGDVDZRUNKDUGHQHG&X(73VDPSOHDQGFDQQRWEHWDNHQLQWRDFFRXQWLQ
ILQGLQJWKHFRUUHODWLRQEHWZHHQWKHKDUGQHVVDQGWKHIORZSURSHUWLHV
7KHQRQKRPRJHQHLW\RI WKH&X(735SODWHDQG WKHVSHFLPHQVIRU WKH WHQVLOH
WHVWVPDNHVGLIILFXOWWRDVVLJQDVLQJOHKDUGQHVVYDOXHWRWKHIORZFXUYH
,QWHUUXSWHGXQLD[LDOWHQVLOHWHVWZRXOGSURYLGHPRUHDSSURSULDWHVSHFLPHQVWRDVVHVV
WKHKDUGQHVVRIDPDWHULDOZLWKGLIIHUHQWSODVWLFVWUDLQV>@
Implementation in the cold joining FEM Simulation 
7KHOLQHDUFRUUHODWLRQEHWZHHQ+9DQGWKHIORZVWUHVVPDNHVWKHLPSOHPHQWDWLRQRI
0HWKRGLQWKHFROGMRLQLQJSURFHVVVLPXODWLRQYHU\VXLWDEOHVLQFHDOLQHDULQWHUSROD
WLRQIRUWKHIORZFXUYHFRXOGEHGLUHFWO\ LPSOHPHQWHGEHWZHHQWKHEXONPDWHULDODQG
WKHPRVWVWUDLQKDUGHQHGSRLQWLQWKHDVVHPEO\SDUW
)XUWKHUPRUHWKHFRQVWDQWKDUGHQLQJRIWKHVDPSOHVDERYHFHUWDLQKDUGQHVVDOORZVD
OLQHDULQWHUSRODWLRQIRU0HWKRGWRR
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV ($ULVWL]DEDO)*QWHU36FKDDI
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7KHILUVWH[SHULPHQWVWRGHOLYHUQHZORFDOPDWHULDOSURSHUWLHVIRUWKH)(0VLPXODWLRQ
RIWKHFROGMRLQLQJSURFHVVVKRZHGWKHJUHDWSRWHQWLDORI9LFNHUVPLFURLQGHQWDWLRQIRU
WKHSXUSRVH
7KHKDUGQHVVVFUHHQLQJRIWKHVWDPSHGVDPSOHVFRQILUPWKDWWKHORFDOUHDVVHVVPHQW
RIWKHIORZSURSHUWLHVLVDEVROXWHO\QHFHVVDU\LQWKHVWUDLQKDUGHQHGDUHDDQGZLOOQRW
RQO\PDNHWKH)(0VLPXODWLRQRIWKHFROGMRLQLQJPXFKFORVHUWRUHDOLW\EXWZLOOLPSO\
DVWHSIRUZDUGRQWKHGHVLJQLQJDQGXQGHUVWDQGLQJRIPDVVLYHFROGMRLQLQJFRQQHFW
RUV
7KHLQIRUPDWLRQDERXWWKHDQLVRWURS\FUHDWHGE\WKHVWDPSLQJSURFHVVJHWVORVWLIWKH
UHIHUHQFHVDPSOHVZLWK WKHNQRZQSODVWLFVWUDLQDUH WKHUPDOO\ WUHDWHGDQGWKHUHIRUH
VKRZQRDQLVRWURSLFEHKDYLRU7KHH[SHULPHQWVSURYHGZRUWKZKLOHDIXWXUHPDQXIDF
WXULQJRIVSHFLILFVDPSOHV WKDWZLOODOORZ ILQGLQJDQH[DFWFRUUHODWLRQEHWZHHQKDUG
QHVVDQGIORZSURSHUWLHVXVLQJLQWHUUXSWHGWHQVLOHWHVW7KLVZRXOGDOVRPDNHSRVVLEOH
DVVHVVLQJWKHDQLVRWURS\RIWKHPDWHULDORQWKHLQIOXHQFH]RQHRIWKHVWDPSLQJ
$IXUWKHURSWLPL]DWLRQRIWKHLQGHQWDWLRQV\VWHPZRXOGDOVRDIIRUGJHWWLQJRWKHULQIRU
PDWLRQ DERXW WKHPDWHULDO VXFK DV UDWH GHSHQGHQW EHKDYLRU )LJ RU FUHHS ZLWK
DFFHVVLEOHLQGHQWDWLRQH[SHULPHQWVLQVPDOOYROXPHVSHFLPHQV
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PDWHULDOVIRUXP,,,
>@ $(*LDQQDNRSROXV$QDO\VLVRI9LFNHUV,QGHQWDWLRQ,QW-6ROLGV6WUXFWXUHV9RO1
>@ -±<.LP6±..DQJ-5*UHHU'.ZRQ(YDOXDWLQJSODVWLFIORZSURSHUWLHVE\FKDUDFWHUL]
LQJLQGHQWDWLRQVL]HHIIHFWXVLQJDVKDUSLQGHQWHU$FWD0DWHULDOLD9RO


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Influences of Toroidal Core Dimensions on Measured 
Properties of Magnetic Material 
%.RSULYLFDDQG$0LORYDQRYLF
8QLYHUVLW\RI.UDJXMHYDF7HFKQLFDO)DFXOW\&DFDN6YHWRJ6DYH&DFDN6HUELD

Abstract
,QWKLVSDSHUZHZLOOSUHVHQWWKHDQDO\VLVFRQFHUQLQJLQIOXHQFHVRIWRURLGDOFRUHGLPHQVLRQVRQWKH
PHDVXUHGUHVXOWVGXULQJWHVWLQJPDJQHWLFPDWHULDOV1RZDGD\VWKHVHLQIOXHQFHVKDYHEHHQDQD
O\VHGE\VHYHUDODXWKRUV>@7KH\DQDO\VHGGLIIHUHQWLQIOXHQFHVRIGLPHQVLRQVRIWRURLGDOFRUH
RQ WKHPHDVXUHGSURSHUWLHV RIPDJQHWLFPDWHULDOV0RVWO\ YDULDWLRQRI WKH VSHFLILF ORVVHVZLWK
FKDQJHRIWKHVHJHRPHWULFSDUDPHWHUVKDVEHHQDQDO\VHG0DLQO\WKHVHDXWKRUVFRQFOXGHGWKDW
LQQHUGLDPHWHURXWHUGLDPHWHUVWULSZLGWKDQGFRUHEXLOGXSKDVPRVWLPSDFWRQWKHUHVXOWVRE
WDLQHG+RZHYHUWKHVHFRQFOXVLRQVDUHQRWFOHDUHQRXJKZKHQLWFRQFHUQHGSUDFWLFDOLPSOHPHQ
WDWLRQ $LP RI WKLV SDSHU LV WR WDNLQJ LQWR DFFRXQW H[LVWLQJ ILQGLQJV IXUWKHU H[SODLQ WKHVH LQIOX
HQFHV7KLVFDQEHXVHIXO LQLPSURYLQJWKHPDWKHPDWLFDOPRGHOVXVHGIRUPDWHULDOFKDUDFWHUL]D
WLRQ
 ,1752'8&7,21
&KDUDFWHUL]DWLRQRIWKHIHUURPDJQHWLFPDWHULDOVLVYHU\LPSRUWDQWEHFDXVHWKHLUZLGH
DSSOLFDWLRQV7KHUHDUHPDQ\PHDVXUHPHQWVPHWKRGVXVHGIRUWKLVSXUSRVHDQGRQH
FRPPRQO\ XVHG FRQFHUQV WKHXVDJHRIZRXQG WRURLGDO FRUH VDPSOHV 7KHVH FRUHV
DUHRIWHQXVHGLQIDEULFDWLRQRIFXUUHQWWUDQVIRUPHUVDQGLQGXFWRUV6RXVLQJWKHPLQ
PDWHULDO FKDUDFWHUL]DWLRQ LV IXOO\ UHDVRQDEOH ,Q WKLV WKH PDJQHWLF K\VWHUHVLV WKH
PDJQHWL]DWLRQ FXUYH DQG WKH VSHFLILF SRZHU ORVVHV KDYH EHHQPRVWO\ GHWHUPLQHG
7KHVHFKDUDFWHULVWLFVKDYHEHHQREWDLQHGWKURXJKWKHPHDVXUHPHQWRIWKHWLPHUHS
UHVHQWDWLRQRUDYHUDJHDQGHIIHFWLYHYDOXHRIWKHPDJQHWL]LQJFXUUHQWDQGWKHVHF
RQGDU\YROWDJH8VLQJFRUHSDUDPHWHUVHIIHFWLYH OHQJWKFURVVVHFWLRQDODUHDQXP
EHU RI WXUQV RI WKH SULPDU\ DQG VHFRQGDU\ ZLQGLQJV DQG PDVV WKH PDJQHWLF ILHOG
VWUHQJWKDQGLQGXFWLRQFDQEHFDOFXODWHG1RZDGD\VWLPHUHSUHVHQWDWLRQFDQEHRE
WDLQHGVXFFHVVIXOO\E\XVLQJGLJLWDOPHWKRGV
,QWKLVSDSHUSUHVHQWHGUHVXOWVKDYHEHHQREWDLQHGE\PHDVXUHPHQWVE\XVLQJYLUWX
DOLQVWUXPHQWDWLRQEDVHGRQ3&ZLWK/DE9,(:VRIWZDUH>@7LPHUHSUHVHQWDWLRQVRI
WKHPDJQHWLFILHOGVWUHQJWKDQGPDJQHWLF LQGXFWLRQKDYHEHHQPHDVXUHG7KHPDJ
QHWLFK\VWHUHVLVORRSDQGPDJQHWL]DWLRQFXUYHKDYHEHHQREWDLQHG$OOPHDVXUHGDQG
FDOFXODWHGUHVXOWVKDYHEHHQVDYHGRQ3&
$QXPEHURIPHDVXUHPHQWV KDYHEHHQ FDUULHGRXWRQ VLJQLILFDQWQXPEHURI VSHFL
PHQV7HVWVKDYHEHHQGRQHE\XVLQJWRURLGDOFRUHVPDGHRIHOHFWULFDOVWHHOKDYLQJ
GLIIHUHQWGLPHQVLRQV0HDVXUHPHQWVKDYHEHHQSHUIRUPHGDW IUHTXHQF\+]ZLWK
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PD[LPXPPDJQHWLFILHOGVWUHQJWKIURP$PWR$P9DULDWLRQVRIWKHUHVXOWV
IRUGLIIHUHQWFRUHJHRPHWU\KDYHEHHQREWDLQHGGXULQJPHDVXUHPHQWV
 0($685(0(170(7+2'
$SSOLHGPHDVXUHPHQWPHWKRGLVZHOONQRZQFRPPRQO\XVHGE\PDQ\LQYHVWLJDWRUV
DQGHQJLQHHUV7KLVPHWKRGKDVEHHQSUHYLRXVO\XVHGE\DXWKRUV IRUREWDLQLQJ WKH
PDJQHWLFK\VWHUHVLVRIIHUURPDJQHWLFPDWHULDO>@7KHPHDVXUHPHQWVHWXSKDVEHHQ
SUHVHQWHGLQ)LJ
D
A
Q
1N 2N
 
7KHPDJQHWLFILHOGVWUHQJWKDWZKLFKWKHPHDVXUHPHQWVKDYHEHHQPDGHFDQEHFDO
FXODWHGXVLQJWKHIROORZLQJUHODWLRQVKLS
    tu
Rl
NtH
sr
1
1  
ZKHUH 1N LVWKHQXPEHURIWXUQVRIWKHPDJQHWL]LQJZLQGLQJ  tu1 LVWKHYROWDJHDWD
WLPH t DFURVV WKH UHVLVWRU WR GHWHUPLQH WKHPDJQHWL]DWLRQ FXUUHQW srl  LV WKHPHDQ
PDJQHWLFSDWKOHQJWKDQGRLVWKHUHVLVWDQFHRIWKHUHVLVWRULQVHULHVZLWKWKHPDJQHW
L]LQJZLQGLQJ
7KHPDJQHWLFIOX[GHQVLW\FDQEHFDOFXODWHGIURPWKHIROORZLQJHTXDWLRQ
     Kdttu
SN
tB
t
 ³
0
2
2
1  
ZKHUH 2N  LV WKHQXPEHURI WXUQVRI WKHVHFRQGDU\ZLQGLQJ  tu2  LV WKHVHFRQGDU\
YROWDJHDWDWLPH tS LVWKHFURVVVHFWLRQDODUHDRIWKHWHVWVSHFLPHQDQGK LVVXFK
WKDWWKHWLPHDYHUDJHRI  tB LV]HUR
7KHPDJQHWLFK\VWHUHVLVORRSFDQEHREWDLQHGE\SUHVHQWLQJ  tB DVIXQFWLRQRI  tH 
%\ VXFFHVVLYHO\ LQFUHDVLQJ WKHPDJQHWL]LQJ FXUUHQW FRUUHVSRQGLQJ YDOXHVRIPD[L
PXPPDJQHWLF ILHOG VWUHQJWK DQGPD[LPXPPDJQHWLF IOX[ GHQVLW\ FDQ EH REWDLQHG
IURPZKLFKWKHPDJQHWL]DWLRQFXUYHFDQEHSORWWHG

Fig 10HDVXUHPHQWVHWXS 
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 7(6763(&,0(16
7KHJHRPHWU\RIWKHWHVWVSHFLPHQVDQGWKHLUDFWXDOGLPHQVLRQVKDYHEHHQSUHVHQW
HGLQ)LJDQG7DEOH
R1 R2
h
b
 
7DEOH7RURLGDOFRUHVDPSOHVGLPHQVLRQV
,JURXS ,,JURXS
&RLO 1N  2N  > @mm1R  > @mm2R  > @mmh  &RLO 1N  2N  > @mm1R  > @mm2R  > @mmh  > @kgm 
            
            
            
            
            
            
            
             
             

$FFRUGLQJ WR WKHVHGLPHQVLRQV WKHHIIHFWLYHSDUDPHWHUVRIFRUHVFDQEHFDOFXODWHG
DV
  1 2srl R R  S   2 1S R R h    1 2m
mS
R R
  US  
ZKHUH srl LVWKHPHDQPDJQHWLFSDWKOHQJWK S LVWKHFURVVVHFWLRQDODUHD mS LVWKH
FURVVVHFWLRQDODUHDFDOFXODWHGE\XVLQJWKHPDVVm DQG 3cmgr65.7 U LVWKHPDWH
ULDOGHQVLW\
(IIHFWLYHSDUDPHWHUVRIWKHWHVWVSHFLPHQVKDYHEHHQSUHVHQWHGLQ7DEOH
7DEOH7RURLGDOFRUHHIIHFWLYHSDUDPHWHUV
,JURXS ,,JURXS
&RLO > @msrl  -4 210 mS ª º¬ ¼  &RLO > @msrl  -4 210 mS ª º¬ ¼  -4 210 mmS ª º¬ ¼ 
      
      
      
      
      
      
      
       
       

7KHILUVWJURXSRIWKHVSHFLPHQVKDVEHHQPDGHRIPDWHULDOZLWKNQRZQPDJQHWL]D
WLRQFKDUDFWHULVWLFVJLYHQE\PDQXIDFWXUHU'LPHQVLRQVRIWKHFRUHVKDYHEHHQFKR
Fig 27HVWVSHFLPHQJHRPHWU\ 
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VHQVXFKWRVDWLVI\WZRFRQGLWLRQVWKHUDWLRRIWKHLQQHUWRRXWHUUDGLXVVKRXOGEHDW
OHDVWWKHYDULDWLRQRIWKHPDJQHWLFILHOGVWUHQJWKDQGLQGXFWLRQIURPRXWHUWRLQQHU
HGJHRIWKHVSHFLPHQVKRXOGEHVPDOODQGWKHTXRWLHQWRIWKHQXPEHURIWXUQVRIWKH
PDJQHWL]LQJZLQGLQJ 1N DQGWKHPHDQPDJQHWLFSDWK OHQJWK srl VKRXOGEHFRQVWDQW
WKHVDPHPDJQHWL]LQJFXUUHQWVKRXOGSURGXFHWKHVDPHPDJQHWLFILHOGVWUHQJWKLQDOO
VSHFLPHQVLQWKHILUVWJURXS
7KHVHFRQGJURXSRIWKHVSHFLPHQVKDYHEHHQPDGHRIPDWHULDOZLWKXQNQRZQPDJ
QHWL]DWLRQFKDUDFWHULVWLFV'LPHQVLRQVRIWKHFRUHVKDYHEHHQFKRVHQDVLQ>@ZLWK
LQWHQWLRQRISURGXFLQJWKHFRPSDUDEOHUHVXOWV,Q>@WKHDVSHFWUDWLRQDQGWKHZLQG
LQJUDWLRRIWKHVSHFLPHQKDYHEHHQGHILQHGDV bhAR  DQG hRWR 1 UHVSHFWLYH
O\ZKHUH h  LV WKH VWULSZLGWK DQG b  LV WKHZRXQG WKLFNQHVVELOGXSRI WKH WRURLGDO
FRUH6RGLPHQVLRQVRIWKHFRUHVKDYHEHHQFKRVHQVXFKWKDWWKHVWULSZLGWKLVFRQ
VWDQW WKH LQQHU UDGLXV LV FRQVWDQWDQG WKHRXWHU UDGLXV LV YDULDEOH WR  LV FRQVWDQW
DQG AR  LVYDULDEOH7KLVKDVEHHQGRQHLQWKLVZD\EHFDXVHWKHFRQFOXVLRQVIURP
>@ZHUHVXFKWKDWLWFDQEHVDLGWKDWHIIHFWRI AR RQWKHPHDVXUHGUHVXOWVLVPXFK
VLPSOHUIRUDQDO\VLVWKHQWKHHIIHFWRIWR 
$VSHFWDQGZLQGLQJUDWLRVRIWKHWHVWVSHFLPHQVKDYHEHHQSUHVHQWHGLQ7DEOH
7DEOH$VSHFWDQGZLQGLQJUDWLRV
,JURXS ,,JURXS
&RLO AR  WR  &RLO AR  WR 
     
      
      
      
      
      
      
     
      
 5(68/76
)LJVKRZVWKHYDULDWLRQLQWKHPDJQHWLFK\VWHUHVLVIRUVSHFLPHQVLQWKHILUVWJURXS
ZKHQWKHPDJQHWLFILHOGVWUHQJWKLV$PWKHILUVWURZDQG$P(DFKJUDSKLQ
WKLVILJXUHVKRZVWKUHHK\VWHUHVLVORRSVIRUVSHFLPHQVZLWKVDPHLQQHUDQGRXWHUUD
GLXVEXWZLWKGLIIHUHQWVWULSZLGWK
7KH YDULDWLRQV RI WKHPDJQHWL]DWLRQ FXUYHV IRU VSHFLPHQV LQ WKH ILUVW JURXS DORQJ
ZLWK NQRZQ 7K\VVHQ. 3RZHU&RUH &  PDJQHWL]DWLRQ FXUYH KDYH EHHQ SUH
VHQWHGLQ)LJ'HYLDWLRQVRIWKHPHDVXUHGPDJQHWLFLQGXFWLRQKDVEHHQFDOFXODWHG
DV > @   BBB m G 100% ZKHUH B  LV WKHPDJQHWLF LQGXFWLRQJLYHQE\PDQXIDFWXUHU
DQG mB  LVWKHPHDVXUHGPDJQHWLF LQGXFWLRQ2EWDLQHGUHVXOWVKDYHEHHQSUHVHQWHG
LQ7DEOH
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)URP)LJDQG7DEOHLWFDQEHVHHQWKDWPDJQHWL]DWLRQFXUYHRI&RLOVDQG
KDYHDOPRVW WKHVDPHVKDSHDVRQHJLYHQ IURPPDQXIDFWXUHUDQG WKHGHYLDWLRQRI
WKHUHVXOWVLVZLWKLQIHZSHUFHQW2WKHUPDJQHWL]DWLRQFXUYHVKDYHPXFKJUHDWHUGH
YLDWLRQ DQG WKHLU VKDSH LV GHIRUPHG ,Q >@ WKLV KDV EHHQ H[SODLQHG LQ WKLV ZD\
+LJKHU AR JLYHVIHZHUORVVHVDQGKLJKHUWR JLYHVKLJKHUORVVHV$OVRWR FDQEH
GRPLQDWHG E\ WKH HIIHFW RI VWULS ZLGWK LQ WKDW ZD\ WKDW WKH ORVV GHSHQGV RQ h  DV
h200 6RLQFUHDVHRIORVVHVZLWKLQFUHDVHRIWR FDQEHGHFUHDVHGE\XVLQJZLGHU
VWULS ZLGWK $OO VSHFLPHQV LQ WKH ILUVW JURXS KDYH VLJQLILFDQW AR  ZKLFK JLYHV OHVV
ORVVHVDQGKDYHVLJQLILFDQWWR ZKLFKJLYHVKLJKHUORVVHV%XW&RLOVDQGKDYH
VLJQLILFDQWVWULSZLGWKZKLFKJLYHVOHVVORVVHV7KLVLVWKHUHDVRQZK\WKHEHVWUHVXOWV
KDYHEHHQREWDLQHGZLWK WKHVH WKUHHFRLOV$QGPRUH WKHEHVW UHVXOWKDVEHHQRE
WDLQHGZLWK&RLOZKLFKKDVZLGHVWULSZLGWKDQGPHGLXP AR DQGWR 
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Fig 39DULDWLRQLQ
WKHK\VWHUHVLV 
Fig 49DULDWLRQLQWKHPDJQHWL]DWLRQFXUYHV
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)URPWKHSUHYLRXVDQDO\VLV LWFDQEHFRQFOXGHGWKDWWKHHIIHFWVRIVSHFLPHQGLPHQ
VLRQVDUHYHU\FRPSOH[6RIRUEHWWHUXQGHUVWDQGLQJRI LQGLYLGXDOHIIHFWVWKHVHFRQG
JURXSRIVSHFLPHQVZLWKFRQVWDQWWR DQGYDULDEOH AR KDVEHHQPDGH7KHPDJ
QHWLFK\VWHUHVLVORRSVDQGWKHPDJQHWL]DWLRQFXUYHVREWDLQHGE\PHDVXUHPHQWVKDYH
EHHQSUHVHQWHG LQ)LJ  ,W FDQEH VHHQ WKDW WKHGLIIHUHQFHVEHWZHHQ WKHVH ORRSV
DQGFXUYHVDUHYHU\VPDOOH[FHSWIRU&RLOEXWWKLVYDULDWLRQ LVZLWKLQVHYHUDOSHU
FHQWV$FFRUGLQJ WR WKHVH UHVXOWV LW FDQEHFRQFOXGHG WKDW WKHHIIHFW RI AR  LVQRW
VLJQLILFDQW
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 &21&/86,216
(IIHFWVRI WKHGLPHQVLRQVRI WRURLGDOFRUHVSHFLPHQXVHGIRUFKDUDFWHUL]DWLRQRIWKH
IHUURPDJQHWLFPDWHULDO WR WKHPHDVXUHG UHVXOWV DUH HYLGHQW 6RPH UHPDUNV LQ WKLV
DUHDKDYHEHHQREWDLQHG LQHDUOLHU UHVHDUFKE\VHYHUDODXWKRUV >@%XWREWDLQHG
FRQFOXVLRQVZHUHFRPSOLFDWHGIRUSUDFWLFDO LPSOHPHQWDWLRQ ,Q WKLVSDSHU WKLVPDWWHU
KDVEHHQIXUWKHULQYHVWLJDWHGDQGVRPHLQWHUHVWLQJUHVXOWVKDYHEHHQREWDLQHG7KH
PDJQHWL]DWLRQ FXUYHV DQGK\VWHUHVLV ORRSVRI WKH VSHFLPHQVKDYHEHHQPHDVXUHG
DQGSUHVHQWHGLQWKLVSDSHU7KHYDULDWLRQVEHWZHHQUHVXOWVREWDLQHGKDYHEHHQGLV
FXVVHGWRH[SODLQWKHHIIHFWVRI AR WR DQGVWULSZLGWK)XUWKHUPRUHMXVWHIIHFWRI
AR KDVEHHQLQYHVWLJDWHG7KHUHVXOWVREWDLQHGVKRZWKDWLQWKLVFDVHWKLVHIIHFW LV
QRWVLJQLILFDQWDVLWKDVEHHQSUHYLRXVO\VWDWHGLQ>@7KHUHPD\EHPDQ\UHDVRQV
IRUWKLVEXWRQHPRVWUHOHYDQWPD\EHWKHPHDVXUHPHQWPHWKRG1RZDGD\VWKHGLJL
WDOPHDVXUHPHQWPHWKRG EDVHG RQ 3& FDQ EH SHUIRUPHGZLWK KLJK DFFXUDF\ DQG
SUHFLVLRQ6RLWFDQEHFRQFOXGHGWKDWWKLVPDWWHUVKRXOGEHLQYHVWLJDWHGPRUHWRH[
SODLQLQGLYLGXDOHIIHFWVZKHQGLJLWDOPHDVXUHPHQWPHWKRGKDVEHHQXVHG7KLVZLOOEH
PDWWHURIIXUWKHULQYHVWLJDWLRQVE\WKHVHDXWKRUV
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Carbon nanotubes - properties and applications 
0iULR.RWOiU9LOLDP9UHWHQiU0DULDQ9HVHOê5yEHUW5HGKDPPHU3HWHU6FKDDI
 ,QVWLWXWHRI(OHFWURQLFVDQG3KRWRQLFV6ORYDN8QLYHUVLW\RI7HFKQRORJ\,ONRYLþRYD%UDWL
VODYD6ORYDNLD
 'DQXELD1DQR7HFKVUR,ONRYLþRYD%UDWLVODYD6ORYDNLD
 ,OPHQDX8QLYHUVLW\RI7HFKQRORJ\,QVWLWXWHRI0DWHULDOV(QJLQHHULQJ*XVWDY.LUFKKRII6WUDVVH
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Abstract
&DUERQQDQRWXEHVRIIHUH[FHOOHQWHOHFWULFDOPHFKDQLFDODQGWKHUPDOSURSHUWLHV:HFDQXVHWKHP
LQPDQ\DSSOLFDWLRQVUDQJLQJIURPWUDQVLVWRUVWRFRPSRVLWHPDWHULDOV ,QRXUH[SHULPHQWVFDUERQ
QDQRWXEHVZHUHV\QWKHVL]HGE\XVLQJWKHFKHPLFDOYDSRUGHSRVLWLRQDUFGLVFKDUJHDQGODVHUDE
ODWLRQWHFKQRORJLHV%\SURSHUFKRLFHRIH[SHULPHQWDOFRQGLWLRQVVLQJOHZDOOHGFDUERQQDQRWXEHV
6:&17VZLWK GLIIHUHQWPRUSKRORJ\ KDYH EHHQ VXFFHVVIXOO\ SURGXFHG7R LOOXVWUDWH SURSHUWLHV
DQGSRVVLEOHDSSOLFDWLRQVRIFDUERQQDQRWXEHVZHSUHSDUH³EXFN\SDSHUV´EXONPDWHULDOFRQVLVW
LQJRQO\IURPSXUH6:&17VDQGVLQJOHZDOOHGFDUERQQDQRWXEHVWKDWFRQGXFWLYHO\FRQQHFWPHWDO
HOHFWURGHVGLUHFWO\LQWKHLUJURZWKE\FKHPLFDOYDSRUGHSRVLWLRQ

 ,1752'8&7,21
&DUERQQDQRWXEHLVDF\OLQGULFDOO\VKDSHGVWUXFWXUHZKLFKZDVGLVFRYHUHGLQE\
,LMLPD>@&DUERQDWRPVDUHDUUDQJHGLQDKH[DJRQDOFU\VWDOODWWLFH)LJ:HFDQ
FRQVLGHUFDUERQQDQRWXEHDVRQHJUDSKLWHOD\HUWKDWLVUROOHGXSLQWRF\OLQGHUKDYLQJ
GLDPHWHUDQGOHQJWKLQWKHRUGHURIQDQRPHWHUVDQGPLFURPHWHUVUHVSHFWLYHO\&DU
ERQQDQRWXEHVZHUHFODVVLILHGLQWRWZRNLQGVVLQJOHZDOOFDUERQQDQRWXEHVDQGPXO
WLZDOOFDUERQQDQRWXEHV:HFDQGHVFULEHFDUERQQDQRWXEHE\FKLUDOYHFWRUDQGFKL
UDODQJOHRUE\SDLURILQWHJHUV
 nmmnCh ,{ 21 aa         
 > @nmm 2/3tan 1  T         
&KLUDODQJOHLVDQJOHEHWZHHQFKLUDOYHFWRUChDQGXQLWYHFWRUa1)RUGLIIHUHQWFKLUDO
DQJOHZHFDQGHVFULEH WKUHHEDVLF W\SHVRIFDUERQQDQRWXEHV7KHFKLUDODQJOH IRU
WKHD[LVRIVRFDOOHGzigzag FDUERQQDQRWXEHFRUUHVSRQGVWRș = 0ÛIRU armchair FDU
ERQQDQRWXEHFRUUHVSRQGVWR ș = 30ÛDQGIRUchiral FDUERQQDQRWXEHFRUUHVSRQGVWR
ș < 30Û>@&DUERQQDQRWXEHGLDPHWHUdt FDQEHZULWWHQDV

  SS /3/ 2/122 nmnmaCd CCht         

ZKHUHaCC LVQHDUHVWQHLJKERU&&GLVWDQFHcDQGm, n DUHLQWHJHUV
,IZHZDQWWRFDOFXODWHHOHFWURQLFVWUXFWXUHRIFDUERQQDQRWXEHVZHKDYHWRVWDUWE\
FRQVLGHULQJWKHHOHFWURQLFVWUXFWXUHRIJUDSKHQHZLWKSHULRGLFERXQGDU\FRQGLWLRQVLQ
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 0iULR.RWOiUHWDO
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FLUFXPIHUHQFHGLUHFWLRQRQO\GLVFUHHWQXPEHURIZDYHOHQJWKVFDQILWDURXQGWKHWXEH
GLDPHWHU 7KHUHIRUH HOHFWURQLF VWUXFWXUH RI FDUERQ QDQRWXEHV GHSHQGV RQO\ RQ WKH
GLDPHWHURIFDUERQQDQRWXEHDQGFKLUDOLW\RIKH[DJRQDOFU\VWDO ODWWLFH $FFRUGLQJ WR
WKHLU HOHFWURQLF SURSHUWLHV WKH\DUH VHPLFRQGXFWLQJRUPHWDOOLF 7ZRWKLUGV RI QDQR
WXEHV DUH VHPLFRQGXFWLQJ DQG RQHWKLUG LV PHWDOOLF 7KDQNV WR WKHLU VWUXFWXUH DQG
HOHFWURQLFSURSHUWLHVPHWDOQDQRWXEHVDFWOLNH'PHWDO±TXDQWXPZLUH>@>@&DU
ERQQDQRWXEHVDUHFKDUDFWHULVWLFZLWKEDOOLVWLFWUDQVSRUWRIHOHFWURQVDQGFRQGXFWDQFH
RI6:&17LVG0 = 4e2/h § 6. 
&DUERQQDQRWXEHVFDQEHSURGXFHGE\VHYHUDOPHWKRGVDUFGLVFKDUJH$'FKHPL
FDOYDSRUGHSRVLWLRQ&9'DQGODVHUDEODWLRQ/$&KHPLFDOYDSRUGHSRVLWLRQLVWKH
VLPSOHVWDQGSUREDEO\WKHPRVWZLGHO\XVHGWHFKQRORJ\IRUWKHLUJURZWKEXWDUFGLV
FKDUJHDQG ODVHUDEODWLRQSURGXFHFDUERQQDQRWXEHVRIVXSHULRUTXDOLW\3URGXFW LV
FKDUDFWHUL]HGPDLQO\E\HOHFWURQPLFURVFRS\6(07(0 WKHUPRJUDYLPHWULFDQDO\
VLV7*$DQG5DPDQVSHFWURVFRS\'XHWRWKHLUXQLTXHVWUXFWXUHFDUERQQDQRWXEHV
&17VKDYHPDQ\LQWHUHVWLQJHOHFWURQLFPHFKDQLFDODQGFKHPLFDOSURSHUWLHV7KH\
FDQEHXVHGLQWUDQVLVWRUV>@PHPRU\HOHPHQWV>@QDQRPHFKDQLFDOPDVVVHQVRUV
>@ WUDQVSDUHQW FRQGXFWLYH OD\HUV DQG WKH\ FDQ UHSODFH PHWDO FRQGXFWRUV HWF %XW
FXUUHQWO\WKHUHLVQRPHWKRGIRUSUHFLVHO\PDQLSXODWLQJDQGSRVLWLRQLQJLQGLYLGXDOFDU
ERQQDQRWXEHVDQGHYHU\JURZWK WHFKQLTXHSURGXFHVFDUERQQDQRWXEHVZLWKGLIIHU
HQWFKLUDOLWLHVDQGGLDPHWHUGLIIHUHQWHOHFWURQLFSURSHUWLHV

 
 %8&.<3$3(563266,%/($/7(51$7,9(720(7$/&21'8&7256
&DUERQQDQRWXEHVWKDQNVWRWKHYDQGHU:DDOVIRUFHVWHQGWRVWLFNWRJHWKHUDQGFUH
DWHURSHVFRQVLVWLQJIURPODUJHQXPEHURIFDUERQQDQRWXEHV%\XVLQJSURSHUVXUIDF
WDQW103RU6'6DQGVRQLILFDWLRQZHFDQVHSDUDWHWKHPDQGFUHDWHGLVSHUVHVXV
SHQVLRQ RI FDUERQ QDQRWXEHV $IWHU ILOWUDWLRQ RI WKLV VXVSHQVLRQ FDUERQ QDQRWXEHV
ZHUHFROOHFWHGRQDILOWHUIRUPLQJDWKLQILOPGLVNRISXUHQDQRWXEHVEXFN\SDSHU)RU
WKLVSXUSRVHZHFDQSURGXFHFDUERQQDQRWXEHVE\DUFGLVFKDUJHDQGODVHUDEODWLRQ
,QDUFGLVFKDUJH WHFKQRORJ\ZHDUHXVLQJSDLURIJUDSKLWHHOHFWURGHV FDWKRGHDQG
DQRGH$UFGLVFKDUJH LV LJQLWHGE\VKRUW FRQWDFW EHWZHHQHOHFWURGHV LQDQ LQHUWDW
PRVSKHUH+HZLWKSUHVVXUHRI±N3D,QFRPLQJHOHFWURQVWUDQVIHUWKHLUHQHU
J\ WR WKHDQRGHZKLFK FDXVHVPDWHULDO WR VXEOLPH7KLVPHDQV WKDW DQRGH LV FRQ
VXPHG LQ WKH SURFHVV $FFRUGLQJ WR DQRGH FRPSRVLWLRQPXOWLZDOOHG FDUERQ QDQR
Fig. 1. +H[DJRQDO FU\VWDO ODWWLFH RI
FDUERQQDQRWXEHV2QHFDQGHVFULEH
FDUERQ QDQRWXEH E\ FKLUDO YHFWRUCh
DQGFKLUDODQJOHș. 
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 0iULR.RWOiUHWDO
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WXEHV SXUH JUDSKLWH DQRGH DQG VLQJOHZDOOHG FDUERQ QDQRWXEHV DQRGH FRQVLVWV
IURPJUDSKLWHDQGPHWDOFDWDO\VWVDUHJURZQ,QRXUH[SHULPHQWVZHDUHXVLQJDQRGH
RIFRPSRVLWLRQ*1L<DWRU*)H1LDW,QODVHUDEODWLRQ
WHFKQLTXH ODVHU LQ FRQWLQXDO RU SXOVHG UHJLPH LV XVHG WR YDSRUL]H JUDSKLWH WDUJHW
*UDSKLWHWDUJHWFRQVLVWVRIJUDSKLWHDQGFDWDO\WLFPHWDOVPRVWO\ELPHWDOIRUH[DPSOH
1L&R >@ $SSDUDWXV FRQVLVWV RI IXUQDFH TXDUW] WXEH &X ZDWHU FRROHG FROOHFWRU
*UDSKLWHWDUJHW LVHYDSRUDWHGE\ ODVHU LQWKHIORZRI$URU+H&DUERQQDQRWXEHVLQ
WKHIORZRIJDVDUHGHSRVLWHGRQWKHFROGFRSSHUFROOHFWRU6:&17VZHUHIRXQGW\SL
FDOO\ JURXSHG WRJHWKHU E\ YDQGHU:DDOV IRUFHVRYHUPRVW RI WKHLU OHQJWK3URGXFW
KDVÄZHE´OLNHVWUXFWXUHDQGW\SLFDOO\FRQVLVWRIVLQJOHZDOOHGFDUERQQDQRWXEHVDQG
LPSXULWLHVLQIRUPRIJUDSKLWHSDUWLFOHVPHWDOFDWDO\VWDPRUSKRXVFDUERQHWF,QRXU
H[SHULPHQWV6:&17VZHUHSUHSDUHGE\ODVHUDEODWLRQPHWKRGDWWRWDOJDVSUHVVXUH
RI  N3D LQ $U DWPRVSKHUH DQG DW WHPSHUDWXUH RI DERXW  & 8VHG WDUJHW
FRQVLVWVRIZWRIJUDSKLWHZWRI1LDQGZWRI&R

$VSUHSDUHGVDPSOH
&DUERQQDRWXEHVLPSXULWLHV
6WLUULQJ
3URGXFW6'6RU103
6RQLILFDWLRQ
&HQWULIXJDWLRQ
6HGLPHQW
,PSXULWLHV
3XUH&17V
9DFXXPILOWUDWLRQ
%XFN\SDSHU
 

%HIRUHDSSOLFDWLRQRIFDUERQQDQRWXEHVLWLVYHU\LPSRUWDQWWRFOHDQWKHSURGXFWIURP
LPSXULWLHV3XULILFDWLRQPHWKRGVRI&17VFDQEHEDVLFDOO\FODVVLILHGLQWRWKUHHFDWHJR
ULHVFKHPLFDOSK\VLFDODQGWKHFRPELQDWLRQRIERWK,QRXUH[SHULPHQWVZHDUHXVLQJ
SK\VLFDO PHWKRGV 3K\VLFDO PHWKRGV DUH EDVHG RQ VRQLILFDWLRQ FHQWULIXJDWLRQ DQG
ILOWUDWLRQ&HQWULIXJDWLRQ LVUHODWHG WR WKHHIIHFWRI WKHJUDYLW\RQSDUWLFOHV LQVXVSHQ
VLRQ LH WZR SDUWLFOHV RI GLIIHUHQWPDVVHV VHWWOH LQ D WXEH DW GLIIHUHQW UDWHV LQ UH
VSRQVHWRJUDYLW\&RPPRQO\WKHEXFN\SDSHUVPWKLQSRURXVVWUXFWXUHV
DUHSURGXFHGIURPSXUH6:&17VE\YDFXXPILOWUDWLRQ )LJ7KHPHDVXUHGFRQ
GXFWLYLW\IRXUSUREHPHWKRGLVLQWKHUDQJHIURPWR6FPZKLFKLVPXFK
ORZHUWKDQWKDWRILQGLYLGXDO&17VRI±6FPí>@DQGPHWDOV7KLVLV
FDXVHGPDLQO\E\VKRUWOHQJWKSRRUDOLJQPHQWDQGKLJKFRQWDFWUHVLVWDQFH0DLQJRDO
LVWRJHWWKHVHSURSHUWLHVWREXFN\SDSHUVRURWKHUFRPSRVLWHPDWHULDOV2QHSRVVLELO
LW\LVFKHPLFDOIXQFWLRQDOL]DWLRQE\DGGLQJDFWLYHVSHFLHVWRQDQRWXEHVXUIDFHIRUH[
DPSOHE\XVLQJRI+12%LJDGYDQWDJHRIEXFN\SDSHULV OLJKWZHLJKWPXFKORZHU
WKDQIRUPHWDOV
Fig. 2. 3XULILFDWLRQ RI FDUERQ QDQR
WXEHV E\ SK\VLFDO PHWKRGV DQG SUR
GXFWLRQRIEXFN\SDSHUV
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 0iULR.RWOiUHWDO
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Fig. 3. D &URVVVHFWLRQ6(0LPDJHDQGE2SWLFDOLPDJHRIWKH%XFN\SDSHUPPLQGLDPHWHU
 &211(&7,1*&$5%211$1278%(6:,7+0(7$/(/(&752'(6
7KHUHH[LVWVHYHUDOPHWKRGVIRUFRQQHFWLQJFDUERQQDQRWXEHVZLWKPHWDOHOHFWURGHV
7KHPRVWIUHTXHQWO\XVHGLVDGHSRVLWLRQIURPDGURSOHWRIGLVSHUVHGVROXWLRQFRQWDLQ
LQJ6:17V >±@&DUERQQDQRWXEHVDUHSURGXFHGE\D ODVHUDEODWLRQRUDQDUF
GLVFKDUJHPHWKRG6\QWKHVLVLVWKHQIROORZHGE\FOHDQLQJRIFDUERQQDQRWXEHV$IWHU
VROYHQWHYDSRUDWLRQFDUERQQDQRWXEHVOD\RQWKHHOHFWURGHV'LVDGYDQWDJHRIWKLVLV
KLJKFRQWDFWUHVLVWDQFHEHWZHHQ&17VDQGHOHFWURGHV>@7KHVHFRQGZLGHO\XVHG
PHWKRG LV GLHOHFWURSKRUHVLV >@ >@ ,Q WKLV PHWKRG DQ HOHFWULF ILHOG LV DSSOLHG
DFURVVHOHFWURGHVIRUDFKLHYLQJGHSRVLWLRQRIFDUERQQDQRWXEHIURPDVROXWLRQ7KLV
PHWKRGFDQEHXVHGIRUODUJHGLVWDQFHVEHWZHHQHOHFWURGHVPRUHWKDQȝPDQG
IRUODUJHGHQVLW\RIFDUERQQDQRWXEHV7KHWKLUGPHWKRGLVD'LUHFW&9'PHWKRG>@
>@ >@ &DUERQ QDQRWXEHV DUH GLUHFWO\ V\QWKHVL]HG RQ WKH WRS RI WKH HOHFWURGHV
IURP WKHPHWDO FDWDO\VWV 7KLVPHWKRG LV EDVHG RQ WKH IDFW WKDW FDUERQ QDQRWXEHV
JURZEHWZHHQPHWDOQDQRSDUWLFOHVDQGFRQGXFWLYHO\FRQQHFWWKHP
,QRXUH[SHULPHQWVILUVWDPPE\PP&U&XLQWHUGLJLWDWHGHOHFWURGHVZHUHGHSRV
LWHGRQWKHWRSRIWKH6L2E\XVLQJSKRWROLWKRJUDSK\DQGOLIWRII7KHQ$O1LQP
WZROD\HUHG ILOPVZHUH HYDSRUDWHG DV D FDWDO\VW OD\HU WR WKH VXUIDFH RI HOHFWURGHV
DQGWKHQWKHUHVLVWZDVUHPRYHG&DUERQQDQRWXEHVZHUHJURZQE\FKHPLFDOYDSRU
GHSRVLWLRQ([SHULPHQWVZHUHFDUULHGRXWLQDWXEHIXUQDFHZLWKTXDUW]WXEHZLWKLQQHU
GLDPHWHURIPPLQDWPRVSKHULFSUHVVXUH0HWKDQH&+ZDVXVHGDVDVRXUFHRI
K\GURFDUERQV7KHWHPSHUDWXUHRIWKHIXUQDFHZDVUDPSHGXSWR&DQGVWDEL
OL]HG$IWHUWKDWWKHVDPSOHVZHUHPRYHGLQWRWKHIXUQDFHDQGDQQHDOHGLQWKHIORZRI
$U+PL[WXUHIRUPLQ7KHJURZWKRIFDUERQQDQRWXEHVZDVSHUIRUPHGWKHQLQWKH
IORZRI$U+&+PL[WXUH IRUPLQ%RWKSURFHVVHV DQQHDOLQJDQGJURZWKZHUH
UXQDWWKHVDPHWHPSHUDWXUH&$IWHU&17VJURZWKWKHVDPSOHVZHUHPRYHG
RXWIURPWKHIXUQDFHFHQWHUDQGWKHTXDUW]WXEHZDVFRQWLQXRXVO\SXUJHGZLWKIORZRI
$UXQWLO WKHWHPSHUDWXUHKDVUHDFKHG&7KHVWUXFWXUDOPRUSKRORJLHVRIV\QWKH
VL]HG&17VZHUHFKDUDFWHUL]HGE\VFDQQLQJHOHFWURQPLFURVFRS\'LVWDQFHEHWZHHQ
WKHHOHFWURGHV LVDURXQGP$VFDUERQQDQRWXEHVJURZ WKH\RYHUFRPHJDSEH
WZHHQHOHFWURGHVDQGFRQQHFWZLWKFDWDO\VWSDUWLFOHVLQWKHRSSRVLWHHOHFWURGH2QHRI
WKHSRVVLEOHH[SODQDWLRQVRIWKLVIDFWLVWKDWFDUERQQDQRWXEHVJURZLQUDQGRPGLUHF
WLRQEXWWKDQNVWRKLJKWHPSHUDWXUHYLEUDWLRQVWKH\FRQWLQXHWRJURZXQWLOWKH\UHDFK
RSSRVLWHHOHFWURGH7KDQNV WR WKHVHSKHQRPHQD WKH\DUHDEOH WRPDNHFRQGXFWLYH
FRQQHFWLRQEHWZHHQWZRHOHFWURGHV0HDVXUHGFRQGXFWDQFHEHWZHHQHOHFWURGHVGH
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 0iULR.RWOiUHWDO
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 0iULR.RWOiUHWDO
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SHQGVRQ WKHGHQVLW\RIFDUERQQDQRWXEHVEULGJLQJPHWDOHOHFWURGHV ,Q)LJ WKH
PHDVXUHG9$FKDUDFWHULVWLF IRU WKH W\SLFDOVDPSOHZLWK ORZGHQVLW\RIFDUERQQDQR
WXEHVLVGLVSOD\HG


D

E
Fig. 4. D 6LQJOHZDOOHGFDUERQQDQRWXEHVEULGJLQJPHWDOHOHFWURGHVDQGE0HDVXUHGFRQGXFWDQFHRI
DW\SLFDOVDPSOH
 &21&/86,216
&DUERQ QDQRWXEHV FRPELQH LQWHUHVWLQJ HOHFWURQLF DQG WKHUPDO SURSHUWLHV WRJHWKHU
ZLWKKLJKPHFKDQLFDOUHVLVWDQFH,QWZRH[DPSOHVZHLOOXVWUDWHSRVVLEOHDSSOLFDWLRQV
RI FDUERQ QDQRWXEHV&DUERQQDQRWXEH EXFN\SDSHU FDQ UHSODFHPHWDO FRQGXFWRUV
%LJDGYDQWDJHRIWKLVPDWHULDOLVORZZHLJKWDQGKLJKWKHUPDOFRQGXFWDQFHEXWHOHF
WULFDO FRQGXFWDQFH LV VWLOO ORZ IRUSUDFWLFDODSSOLFDWLRQV7KHVHFRQGDSSOLFDWLRQ LVD
GLUHFWJURZWKRIFDUERQQDQRWXEHVEHWZHHQPHWDOHOHFWURGHV7KLVVWUXFWXUHFDQEH
XVHGDVFKHPLFDO VHQVRU:LWK WKLVPHWKRG LW LVSRVVLEOH WRJURZ LQGLYLGXDO FDUERQ
QDQRWXEHEHWZHHQPHWDOFRQWDFWV±DSSOLFDWLRQVDUHIRUH[DPSOHWUDQVLVWRUVPHPRU\
HOHPHQWVRUQDQRPHFKDQLFDOPDVVVHQVRUV
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Boron doped diamond for trace metal detection 
3DYRO0LFKQLDN0DULDQ9RMV0LURVODY%HKXO0DULDQ9HVHOê9ODGLPtU7YDURåHN
$QGUHM9LQF]H0DUFXV:LONH7KRPDV.XSV'LDQD5RVVEHUJ3HWHU6FKDDI
,QVWLWXWHRI(OHFWURQLFVDQG3KRWRQLFV6ORYDN8QLYHUVLW\RI7HFKQRORJ\,ONRYLþRYD%UDWLVOD
YD6ORYDN5HSXEOLF
,QWHUQDWLRQDO/DVHU&HQWUH,ONRYLþRYD%UDWLVODYD6ORYDN5HSXEOLF
,OPHQDX8QLYHUVLW\RI7HFKQRORJ\,QVWLWXWHRI0DWHULDOV(QJLQHHULQJ&KDLU0DWHULDOVIRU(OHFWURQLFV
*XVWDY.LUFKKRII6WUDVVH,OPHQDX*HUPDQ\
Abstract
,QUHFHQWGD\VWKHV\QWKHWLFDOO\JURZQGLDPRQGOD\HUVDUHYHU\SURJUHVVLYHPDWHULDOVIRUYDULRXV
ILHOGVRIDSSOLFDWLRQV'LDPRQGWKLQILOPVZHUHSUHSDUHGE\+RW)LODPHQW&KHPLFDO9DSRXU'HSR
VLWLRQ+)&9'PHWKRG>@'XULQJWKHGHSRVLWLRQLQWKHUHDFWRUWULPHWK\OERURQ70%LVSUHVHQW
DV GRSLQJ JDV ERURQGRSHGGLDPRQG %'' FDQEHSURGXFHG ,Q WKLV FRQWULEXWLRQ%'' OD\HUV
ZHUHDQDO\VHGLGHQWLFDOO\JURZQZLWKGLIIHUHQW%&UDWLRLQJDVSKDVH+RZHYHUPHUFXU\WR[LFLW\
IXWXUHUHJXODWLRQVDQGRFFXSDWLRQDOKHDOWKFRQVLGHUDWLRQVPD\VHYHUHO\UHVWULFWWKHXVHRIPHUFX
U\0)(,QVHDUFKIRUDOWHUQDWLYHHOHFWURGHPDWHULDOVELVPXWKILOPHOHFWURGHV%L)(RIIHUFRP
SDUDEOHSHUIRUPDQFHWR0)(IRUDQRGLFVWULSSLQJYROWDPPHWU\PHDVXUHPHQWVRIWUDFHPHWDOVDV
LWZDVVKRZQ>@7KHUHVXOWLQJ%''HOHFWURGHVZHUHDQDO\VHGXVLQJ6FDQQLQJ(OHFWURQ0LFURV
FRS\6(05DPDQVSHFWURVFRS\DQG*ORZ'LVFKDUJH2SWLFDO(PLVVLRQ6SHFWURVFRS\*'2(6
WRGHWHUPLQHVDPSOHSURSHUWLHV(OHFWURFKHPLFDOPHDVXUHPHQWVZHUHGRQHE\VTXDUHZDYHYROW
DPPHWU\DQG=Q&G3EZHUHGHWHFWHG'XULQJ6:$69H[SHULPHQWV LQ3E,,&G,,DQG=Q,,
VROXWLRQVZHOOVKDSHGVWULSSLQJSHDNVZHUHREWDLQHGZKRVHKHLJKWV YDULHG OLQHDUO\ZLWKDQDO\WH
FRQFHQWUDWLRQLQWKHUDQJHIURPîíWRí0ERWKLQDFHWDWHEXIIHU±S+8QGHURSWLPDO
FRQGLWLRQV GHWHFWLRQ OLPLWV RI îí îí DQG îí 0 ZHUH DFKLHYHG IRU 3E,,
&G,,DQG=Q,,ZLWK56'Q RIDQGUHVSHFWLYHO\

 ,1752'8&7,21
7KHUHFHQWGHYHORSPHQWRIPDWHULDOGHSRVLWLRQPHWKRGV OHDGVDOVR WR WKLQGLDPRQG
ILOP SURGXFWLRQ RQ YDULRXV VXEVWUDWHV 7KH WHFKQRORJLHV XVHG IRU WKH GLDPRQG WKLQ
ILOPIRUPDWLRQDUHEDVHGRQFKHPLFDOYDSRXUGHSRVLWLRQ&9'>@'LDPRQGWKLQILOPV
DUH YHU\ XVHIXO IRUPDQ\ DSSOLFDWLRQV QRZ WKH\ DUH XVHG DOVR LQ HOHFWURFKHPLVWU\
'HWHFWLRQRIWUDFHPHWDOVLVXVHGWRPRQLWRUSROOXWLRQLQHQYLURQPHQW3UHYLRXVO\XVHG
PHUFXU\ILOPHOHFWURGHV 0)( FDXVHGSROOXWLRQ LQ DGGLWLRQ >@:LWKRXW WUDFHPHWDO
GHWHFWLRQ%''HOHFWURGHVDUHXVHGWRGHWHFWGRSDPLQHDVFRUELFDFLGDQGXULFDFLG
E\F\FOLFYROWDPPHWU\DVZHOODVRWKHUFKHPLFDOHOHPHQWVDQGFRPSRXQGV>@,QWKH
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 30LFKQLDNHWDO
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IXWXUH LW LV H[SHFWHG WR IDEULFDWH PLFURHOHFWURQLF V\VWHPV EDVHG RQ SULQFLSOH RI
6TXDUH:DYHVWULSSLQJYROWDPPHWU\6:$69>@
7KHJURZQGLDPRQGOD\HUVFDQEHDQDO\VHGXVLQJDQDO\WLFDOPHWKRGVWRVSHFLI\WKHLU
SURSHUWLHV7KH\ LQIRUPDERXWVXUIDFHPRUSKRORJ\FU\VWDOOLQHVWUXFWXUHRUFKHPLFDO
FRPSRVLWLRQ RI JURZQ WKLQ ILOPV 7KH VXUIDFHPRUSKRORJ\ LV VWXGLHGZLWK 6FDQQLQJ
(OHFWURQ 0LFURVFRS\ 6(0 5DPDQ 6SHFWURVFRS\ ZDV XVHG DVDQRQGHVWUXFWLYH
WHFKQLTXHWRGHWHFWFDUERQSKDVHVDQGWKHERURQFRQFHQWUDWLRQRIGLDPRQGWKLQILOPV
>@*ORZ'LVFKDUJH2SWLFDO(PLVVLRQ6SHFWURVFRS\*'2(6SURYLGHVUDSLGDQDO\VLV
RI WKHDWRPLFFRPSRVLWLRQRIWKLQILOPVZKLFKDUHVSXWWHUHGE\H[SRVLQJWKHPWR$U
SODVPD DQG WKHQ FKDUDFWHULVWLF SKRWRQ VSHFWUD H[FLWHG E\ VSXWWHUHG DWRPV DUH RE
VHUYHG>@
 (;3(5,0(17$/'(7$,/6
7KHGLDPRQGWKLQILOPVZHUHSUHSDUHGE\+RW)LODPHQW&9'+)&9'7KHQXFOHD
WLRQSURFHVVZDVLQLWLDWHGXVLQJGLDPRQGSRZGHULQXOWUDVRQLFEDWKLQGHPLQHUDOL]HG
ZDWHUDIWHUPLQXWHV'LDPRQG WKLQ ILOPVZHUHSUHSDUHGRQ WKHUPDO6L2QP
WKLFNOD\HUZKLFKZDVSUHSDUHGRQ6LVXEVWUDWH
7KH&KHPLFDO9DSRXU'HSRVLWLRQ&9'LQYROYHVDJDVSKDVHFKHPLFDOUHDFWLRQRF
FXUULQJDERYHDVROLGVXUIDFHZKLFKFDXVHVGHSRVLWLRQRQWRWKDWVXUIDFH7KHPRVW
SRSXODUPHWKRGIRUWKHJURZWKRIGLDPRQGWKLQILOPVXQGHUORZSUHVVXUHVLV+)&9'
SFVRIKRW ILODPHQWVDUHXVHG LQRXUVHWXS7XQJVWHQ DIWHU FDUERQDWLRQSURFHVV
WXQJVWHQ FDUELGH ILODPHQWV DUH KHDWHGXS WR  & WR DFWLYDWH WKH+ DQG&+
JDVHV $ GLDPRQG ILOP LV WKHQ GHSRVLWHG RQWR D VXEVWUDWH ZKLFK LV ORFDWHG DERXW
PPXQGHUWKHILODPHQWVRQDPRO\EGHQXPKROGHU7KHSUHVVXUHLQWKHFKDPEHULV
NHSWDWN3DDQGURWDU\SXPS LVXVHGIRUFKDPEHUHYDFXDWLRQ%HIRUHVWDUWLQJ WKH
JURZWKSURFHVVWKHVXEVWUDWHVXUIDFHPXVWEHSUHSDUHGIRUWKHJURZWK7KLVVWHSLV
GHVFULEHG DVDGLDPRQG VHHGLQJ SURFHVV RU DOVR QXFOHDWLRQ >@ 6XEVWUDWHV ZHUH
PLQVRQLFDWHG LQGHLRQL]HGZDWHUZLWKQPGLDPRQGSRZGHU 6LJPD$OGULFK
6XEVWUDWHWHPSHUDWXUHZDVNHSWLQWKHUDQJHIURP&WR&DQGWKHGHSRVL
WLRQWLPHZDVPLQXWHV6DPSOHVZHUHSUHSDUHGDWGLIIHUHQW70%7ULPHWK\OERURQ
JDVIORZVZKLFKLVDVRXUFHIRU%DQG%&JDVUDWLRLVDUDWLRRI70%WR&+SSP
*'2(6PHDVXUHPHQWVZHUHGRQHDIWHUGHSRVLWLRQDQGERURQFRQFHQWUDWLRQ LQGLD
PRQGWKLQOD\HUZDVGHWHUPLQHGDVDQDYHUDJHIURPDODUJHQXPEHURIYDOXHVIURP
%''OD\HUGHSWKSURILOH>@WDE 
 5(68/76
6(0 LPDJH RI VDPSOH VKRZV D FURVV VHFWLRQ 6XUIDFHV DUHKRPRJHQRXVO\ HYHQO\
FRYHUHGZLWK D GLDPRQG VWUXFWXUH $ VLJQLILFDQW GLIIHUHQFH EHWZHHQ VDPSOHV LV QRW
REVHUYHG7KH)LJVKRZV6(0SLFWXUHRIVDPSOHZLWK%&UDWLRRISSP
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV30LFKQLDNHWDO
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7KH)LJVKRZVWKH5DPDQVSHFWUDZKLFKZHUHREWDLQHGDWURRPWHPSHUDWXUHXV
LQJ D +H1H ODVHU ZLWK ZDYHOHQJWK RI  QP 7KH GLDPRQG SHDN FHQWUHG DW
FP GHFUHDVHV ZLWK DQ LQFUHDVHG %& UDWLR 5DPDQ EURDG EDQGV FHQWUHG
DWFP DQG  FP DUH YLVLEOH RQO\ IRU KLJK ERURQ FRQFHQWUDWLRQ3HDNV DW
FPDQGFPDUHFKDUDFWHULVWLFIRU6LOLFRQ)RUKLJKERURQFRQFHQWUDWLRQWKH
SHDNDWFPFKDUDFWHULVWLFIRUPLFURJUDSKLWHLVQRWYLVLEOH>@
      
,QW
HQ
VLW
\
DX

5DPDQVKLIWFP
SSP
SSP
SSP
 
)RU YROWDPHWULF PHDVXUHPHQWV WKUHHHOHFWURGH DUUDQJHPHQW ZDV XVHG $J$J&O
DVDUHIHUHQFH HOHFWURGH DQG SODWLQXP SODWH DV D FRXQWHU HOHFWURGH 9ROWDPPHWULF
PHDVXUHPHQW ZDV SHUIRUPHG ZLWK DQ HOHFWURFKHPLFDO SRWHQWLRVWDWJDOYDQLRVWDW
3*67$71 IURP 0(7522+0 $872/$% &203$1< 7UDFH PHWDOV ZHUH SUH
VHQWHGLQPROO+12$FHWDWHEXIIHUZLWKS+ DQGZHUHXVHGLQH[SHUL
PHQW%HIRUHHDFKPHDVXUHPHQWWKHHOHFWURGHZDVFOHDQHGE\F\FOHVLQDFHWDWH
E\&\FOLF9ROWDPPHWU\&9EHWZHHQ±9
Fig 25DPDQVSHFWUDRI%''
%&DSSPE
SSPFSSP 
Fig 16(03LFWXUHRIVDPSOH
%''OD\HUZLWK%&UDWLRRI
SSP 
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 30LFKQLDNHWDO
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0HDVXUHPHQWVZHUHGRQHLQDUDQJHIURPWR90HDVXUHPHQWZLWKDFHWDWH
ZLWKRXW%LVPXWKDQG WUDFHPHWDOVZDVGRQHDW ILUVW1H[W ELVPXWK WR F %L  
PROODQGPHWDOV3E&G=QIURPF0H WRPROOZLWKVWHSPROO
,Q)LJSHDNVIRU=QDWSRWHQWLDORIDERXW9&GDW9DQG3EDW9DUH
YLVLEOH3HDNDW9LVFKDUDFWHULVWLFIRU%L>@
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0HDVXUHPHQWV ZHUH GRQH IRU VROXWLRQ ZLWK GLIIHUHQW S+ ,Q )LJ  6:$69 ZLWK
F0H PROODQGF%L PROO IRUGLIIHUHQWS+DQGRIPROO
DFHWDWHEXIIHULVVKRZQ
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
0HDVXUHPHQWDWS+ ZHUHGRQHRQ%''HOHFWURGHVZLWK%&UDWLRRISSP
SSPDQGSSPDQG OLQHDULW\5/LPLW2I'HWHFWLRQ/2'[6'VORSH
DQG6HQVLWLYLW\6ZHUHFDOFXODWHG7DEIURP6:$69/2'LVEHVWIRUHOHFWURGH
ZLWK%&RISSPDQGLWULVHVZLWKLQFUHDVHG%&UDWLR)LJ
Fig 3Square wave stripping voltammograms of 
BDDE 10 000 ppb B/C (Estep = 5 mV, Epulse = 50 mV 
and frequency 100 Hz). Dependence of current 
responses of BDDE on concentration of target met-
als in 0.1 mol/l acetate buffer (pH 5); preconcen-
trated at о1.4 V for 120 s; concentration of Bi(III): 
6 /
Fig 4SWASV of BDDE 10 000 ppb B/C: 
(Estep = 5 mV, Epulse = 50 mV and frequency 100 
Hz). Dependence of current responses of BDDE 
on pH 0.1 mol/l acetate buffer with target 
metals c(Me)=10-7mol/l,; preconcentrated at 
о1.4 V for 120 s; concentration of Bi(III): 1.10о6 
mol/l. 
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV30LFKQLDNHWDO
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 &21&/86,216
,Q7DEOHOLQHDULW\5/LPLW2I'HWHFWLRQ/2'DQGVHQVLWLYLW\6IRUPHWDOV=Q&G
DQG3EIRUHOHFWURGHVZLWK%&SSPSSPDQGSSPDUHVKRZQ
7KHEHVWYDOXHIRU/2'LVQPROOIRU&GRQHOHFWURGH%&SSPWKDW LV
DOVRWKHEHVWHOHFWURGHIRU/2'RI3EQPROO/2'IRU=QLVWKHEHVWYDOXHRI
IRUHOHFWURGH%&ZLWKSSP5HODWLYHVWDQGDUGGHYLDWLRQ56'ZDVFDO
FXODWHGIRUUHSHWLWLYHPHDVXUHPHQWV
Tab. 1: 
20 000 ppm B/C 13 333 ppm B/C 10 000 ppm B/C
Zn Cd Pb Zn Cd Pb Zn Cd Pb
R2 0.973 0.996 0.992 0.997 0.994 0.995 0.996 0.999 0.999
LOD (nmol/l) 15.56 6.85 8.99 4.42 5.98 5.88 4.82 2.06 2.58
S (nA.nmol-1l.mm-2) 10.729 22.073 22.017 21.910 40.21 36.842 19.861 26.14 20.835
RSD
(n =100) (%)
8.43 3.56 21.85 7.61 4.68 26.78 11.95 4.83 26.75
GDOES (%) 2.019 1.8424 1.862

%DVHGRQWKHDERYHSUHVHQWHGUHVXOWV%''HOHFWURGHVVHHPWREHDQDWWUDFWLYHDO
WHUQDWLYHWR0)(6HYHUDOIXQFWLRQDO%''HOHFWURGHVKDYHEHHQXVHGIRUGHWHUPLQLQJ
=Q&G3EZLWKLQVLWX%LSODWHGHOHFWURGHV0HDVXUHPHQWVZLWKGLIIHUHQW%&UDWLRRI
%''ZHUHFRPSDUHGDQG%''(ZLWKSSP LW VKRZQDVDEHVWHOHFWURGH IRU
QH[WPLFURHOHFWURQLFUHVHDUFK([FHOOHQWSURSHUWLHVRIKLJKO\GRSHG%''EDVHGRQLQ
Fig 5'HSHQGHQFHRI/2'DVLQIOXHQFHG
E\%&UDWLRRI%'' 
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 30LFKQLDNHWDO
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VLWX %L HOHFWURSODWLQJ H[KLELWHG JRRG SHUIRUPDQFHV LQ WHUPV RI KLJK VHQVLWLYLW\ ORZ
OLPLWRIGHWHFWLRQDQGUHODWLYHVWDQGDUGGHYLDWLRQ56'
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Enhancement of fingerprint topology by sputtered  
nano-columnar thin films 
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RWHFKQRORJLHV32%,OPHQDX*HUPDQ\
 8QLYHUVLW\RI:HVW%RKHPLD1HZ7HFKQRORJLHV5HVHDUFK&HQWUH8QLYHU]LWQL3O]HQ
&]HFK5HSXEOLF

Abstract
7KHKRPRJHQRXVFRDWLQJRIILQJHUSULQWVE\WUDQVSDUHQWFRQGXFWLYH$OGRSHG]LQFR[LGH=Q2$O
WKLQILOPVYLD5)GLRGHVSXWWHULQJ LVSUHVHQWHG7KHSRVVLELOLW\ WRGHSRVLWQDQRFROXPQDU=Q2$O
ILOPVE\VHTXHQWLDO5)GLRGHVSXWWHULQJDQGWKHLUDSSOLFDELOLW\LQDQHQKDQFHPHQWRIILQJHUSULQWWR
SRORJ\DUHSURYHQ

 ,1752'8&7,21
)LQJHUSULQWVDUHXQLTXHWRDQLQGLYLGXDOSHUVRQDQGWKH\DUHLPSRUWDQWIRUWKHLGHQWLIL
FDWLRQDQGHYLGHQFHRI FLWL]HQVDVZHOO DV IRU WKHFULPLQRORJ\0RGHUQ ILQJHUSULQWV
GHYHORSPHQWWHFKQLTXHVDUHPRVWO\EDVHGRQWKHFKHPLFDOFRPSRVLWLRQRIWKHILQJHU
SULQW UHVLGXHRU HPXOVLRQEXW QRQHRI WKHPH[FOXVLYHO\ H[SORUH WKH WRSRORJ\RI WKH
ILQJHUSULQWUHVLGXH6KDOHUHWDO>@SURSRVHGWRXVHFROXPQDUWKLQILOPVSUHSDUHGE\
SK\VLFDO YDSRXU GHSRVLWLRQ IRU YLVXDOL]DWLRQ RI ILQJHUSULQW WRSRORJ\7KH\GHYHORSHG
WKHFRQIRUPDOHYDSRUDWHGILOPE\URWDWLRQWHFKQRORJ\WRGHSRVLWGHQVHFROXPQDUWKLQ
ILOPV FKDOFRJHQLGH JODVV
0J)RU$XRQ ODWHQW ILQJHU
SULQW >@ 7KH SULQFLSOH FRUUH
VSRQGV WR WKH ' 3LQ $UW
6FXOSWXUH RU D 3LQ 3RLQW ,P
SUHVVLRQ FKLOG¶V WR\ )LJ D
>@
2SWLFDOO\ WUDQVSDUHQW DQG
HOHFWULFDOO\ FRQGXFWLYH R[LGH
7&2 WKLQ ILOPV EDVHG RQ
=Q2 KDYHPDQ\ DSSOLFDWLRQV
LQWUDQVSDUHQWHOHFWURQLFVDQG
WKLQ ILOP VRODU FHOOV >@ 5)
GLRGH VSXWWHULQJ DW XVXDO
WHFKQRORJLFDO FRQGLWLRQV
2 Pm
100 nm
Fig. 1:D3LQ3UHVVLRQV0HWDO'3LQ$UW6FXOSWXUH7R\DQGE
6(0LPDJHVRIWKHFROXPQDUJUDLQVWUXFWXUHDQGVXUIDFHPRU
SKRORJ\RIVSXWWHUHG=Q2WKLQILOPV
a)
b)
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OHDGVWRVWURQJO\WH[WXUHGSRO\FU\VWDOOLQH7&2WKLQILOPVZLWKFROXPQDUJUDLQVWUXFWXUH
SUHIHUHQWLDOO\RULHQWHGDORQJ FD[LVQRUPDOO\ WR WKHVXEVWUDWH)LJ E >@&ROXPQDU
FU\VWDOOLQHVWUXFWXUHZDVDOVRGRPLQDQWIRUVSXWWHULQJRI$OGRSHG=Q2=Q2$O
WKLQ ILOPV3UHYLRXV UHVXOWVFRQILUPHGWKDW5)GLRGHVSXWWHULQJKDVDEHQHILFLDO IHD
WXUHWRFRDWLQJVRIWKUHHGLPHQVLRQDOVDPSOHVLQFRPSDULVRQZLWKPDJQHWURQVSXWWHU
LQJ>@
2XUDLPZDV WRSURYH WKHSRVVLELOLW\ WRGHSRVLW QDQRFROXPQDU=Q2$O ILOPVE\5)
GLRGHVSXWWHULQJDQGWKHLUDSSOLFDELOLW\LQDQHQKDQFHPHQWRIILQJHUSULQWWRSRORJ\
 (;3(5,0(17$/'(7$,/6
:HXVHGWZRPRGHVFRQWLQXDODQGVHTXHQWLDORI5)GLRGHVSXWWHULQJ3HUNLQ(OPHU
V\VWHP / =Q2 $O2 WDUJHW RI  PP LQ GLDPHWHU $U SUHVVXUH RI
3D VSXWWHULQJ SRZHU RI  : )LJ 
=Q2$OILOPVWKLFNQHVVRIQPZHUHFRQWLQ
XDOO\ GHSRVLWHGRQERWK&RUQLQJ JODVV DQG6LOL
FRQ SODQDU VXEVWUDWHV ZLWK ILQJHUSULQWV DW WKH
QRPLQDOUDWHRIQPV$VHTXHQWLDOVSXWWHU
LQJ OD\HUE\OD\HU  QP±E\± QP RI =Q2$O
WKLQ ILOPV ZLWK WRWDO WKLFNQHVV RI  QP ZDV
XVHGIRUWKHFRYHULQJRIILQJHUSULQWVDWWKHQRPL
QDOUDWHRIQPV
;UD\ GLIUDFWLRQ SDWWHUQV RI =Q2$O WKLQ ILOPV
ZHUH UHFRUGHG RQ D WKLQ ILOP DWWDFKPHQW RI DQ
;CSHUW 3UR SRZGHU GLIIUDFWRPHWHU &X .Į Ȝ  
 QP0LFURVWUDLQFU\VWDOOLWH VL]H HYDOXDWLRQV ZHUH SHUIRUPHG XVLQJ DPHWKRG
SURSRVHGE\/DQJIRUGEDVHGRQWKH;5'OLQHSURILOHDQDO\VLV>@9LVXDOL]DWLRQRIILQ
JHUSULQWV ZDV GRQH E\ RSWLFDO PLFURVFRS\ VXUIDFH DQG FURVVVHFWLRQ E\ 6FDQLQJ
(OHFWURQ0LFURVFRS\6(0)RFXVHG,RQ%HDP),%6(0$XULJD=(,66
 5(68/76
1DQRFU\VWDOOLQH VWUXFWXUH RI VSXWWHUHG =Q2$O
ILOPVGHSHQGHGRQWKHPRGHRIVSXWWHULQJILOPV
GHSRVLWHG FRQWLQXDOO\ VKRZHG SRO\FU\VWDOOLQH
VWUXFWXUHSUHIHUHQWLDOO\RULHQWHG LQFD[LVGLUHF
WLRQ )LJ ZKHUHDV VHTXHQWLDO VSXWWHULQJ
SURGXFHGVWURQJHU  WH[WXUH)URP WKHGLI
IUDFWLRQOLQHSRVLWLRQVKLIWDQGWKH&DXFK\FRP
SRQHQWRIWKHLQWHJUDOEUHDGVRIWKHOLQHDFFRUG
LQJWRWKH%UDJJODZDQGWKH6FKHUUHUVIRUPXOD
>@ ZHUH TXDQWLWDWLYHO\ HYDOXDWHG ELD[LDO ODWWLFH
VWUDLQVVWUHVVHVDQG
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Fig. 2: 6FKHPDWLF OD\RXW RI FRQWLQXDO
DQGVHTXHQWLDOVSXWWHULQJ
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Fig. 3: ;5' OLQHV RI QDQRFROXPQDU
=Q2$O ILOPV WKLFNQHVV RI  QP
GHSRVLWHG E\ FRQWLQXDO DQG VHTXHQWLDO
VSXWWHULQJ
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 97YDUR]HN6)OLFN\QJHURYDHWDO
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 97YDUR]HN6)OLFN\QJHURYDHWDO
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FU\VWDOOLWH VL]HV6HTXHQWLDO VSXWWHULQJ FDXVHVKLJKHU FRPSUHVVLYH ODWWLFH VWUDLQV LQ
ILOPVİ!§ZKHQFRPSDUHGZLWK
WKHFRQWLQXDOPRGH  İ!§7KH
DYHUDJH VL]H RI FU\VWDOOLWHV HYDOXDWHG
IURP ;5' PHDVXUHPHQWV ZDV LQ
DJUHHPHQWZLWKWKHVL]HRIQDQRFU\VWDOV
REVHUYHG LQ 7(0 DQ RUGHU RI QP
&RQWLQXDOO\ VSXWWHUHG ILOPV VKRZHGDY
HUDJHVL]HRIQDQRFU\VWDOV'!§
QP LQ FRPSDULVRQ ZLWK VHTXHQWLDOO\
GHSRVLWHG ILOPV '! § QP%RWK
PRGHV RI VSXWWHULQJ FUHDWHG QDQR
FROXPQDUWKLQILOPV)LJ7KHVHTXHQ
WLDOGHSRVLWLRQIRUPHGOHVVGHQVHPXOWL
OD\HUHG =Q2$O ILOP ZKLFK LV LQ DJUHH
PHQWZLWKSUHYLRXVREVHUYDWLRQVFRQFHUQLQJ=Q2*DFRDWLQJV>@
2SWLFDO LPDJHV RI VHEDFHRXV ILQJHUSULQWV
RQ6LRU&RUQLQJJODVVDUHVKRZQLQ)LJD
DQG)LJ

6SXWWHULQJRI=Q2$OWKLQILOPVQPLQWKLFNQHVVRQWKHILQJHUSULQWHPSKDVL]HGLWV
WRSRJUDSKLFDO IHDWXUHV REVHUYHG SDUWLFXODUO\ E\ RSWLFDOPLFURVFRS\ )LJV E  
6KDUS ULGJHVZHUH IRUPHGRQ WKLFNHU ILQJHUSULQW FRQVWLWXHQWVDQGPRVDLF WH[WXUHRI
VXUIDFH DSSHDUHG RQ SODFHVZLWK YHU\ WKLQ ILQJHUSULQW UHVLGXHV )LJ  DQG  6HOI
KHDWLQJRIVXEVWUDWHVGXULQJWKHFRQWLQXDOVSXWWHULQJFDXVHGDQRWLFHDEOHGHJUDGDWLRQ
200 nm
Fig. 4 6XUIDFH DQG FURVVVHFWLRQ 6(0 LPDJHV RI
QDQRFROXPQDU =Q2$O ILOPV WKLFNQHVV RI § 
QP GHSRVLWHG RQ FOHDQ 6L VXEVWUDWH E\ FRQWLQXDO
VSXWWHULQJ
Fig. 6: 2SWLFDO LPDJHV RI VHEDFHRXV
ILQJHUSULQW WRSRORJ\ GHWDLOV RQ &RUQLQJ
JODVV
200 ȝm
40 ȝm
a)
b)
Fig.5:2SWLFDOLPDJHVRIILQJHUSULQWRQ6LD
D VHEDFHRXV ILQJHUSULQW E FRYHUHG E\
=Q2$O ILOP RI  QP LQ WKLFNQHVV YLD
FRQWLQXDOVSXWWHULQJ
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RI WKH LQLWLDO ILQJHUSULQWPRUSKRORJ\SDUWLFXODUO\E\XVLQJ6LVXEVWUDWH )LJVDDQG
D7KHVHTXHQWLDOVSXWWHULQJGLGQRWFKDQJH WKH LQLWLDO ILQJHUSULQWPRUSKRORJ\DQG
LPSURYHGLPDJHUHVROXWLRQREWDLQHGE\ERWKWKHRSWLFDOPLFURVFRS\)LJVEDQGE
DQGWKHVFDQQLQJHOHFWURQPLFURVFRS\)LJ=Q2$OILOPVJURZQRQILQJHUSULQWUH
PDLQHGWKHLUQDQRFROXPQDUFU\VWDOOLQHVWUXFWXUH)LJ





a)
b)
Fig. 8: 2SWLFDO LPDJHV RI ILQJHUSULQW ULGJH
GHWDLOV RQ 6L VXEVWUDWH FRYHUHG E\ =Q2$O
ILOPV  QP YLD FRQWLQXDO D DQG
VHTXHQWLDOEVSXWWHULQJ
50 ȝm
50 ȝm
450 ȝm
450 ȝm
Fig. 7: 2SWLFDO LPDJHV RI ILQJHUSULQW ULGJH
GHWDLOVRQ&RUQLQJJODVFRYHUHGE\FRQWLQXDO
D DQG VHTXHQWLDO E VSXWWHULQJ RI =Q2$O
ILOPQP
a)
b)
20 ȝm200 ȝm
200 ȝm 20 ȝm
Fig. 9:6(0LPDJHVRIILQJHUSULQWVXUIDFHGHWDLOVFRYHUHGE\=Q2$OILOP
100 ȝm 20 ȝm
a) b)
Fig. 10:6XUIDFHDQGFURVVVHFWLRQ6(0LPDJHVRIQDQRFROXPQDU=Q2$OILOPVWKLFNQHVVRI§
QPGHSRVLWHGRQILQJHUSULQWE\FRQWLQXDODDQGVHTXHQWLDOEVSXWWHULQJ
100 nm 100 nm
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 97YDUR]HN6)OLFN\QJHURYDHWDO
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 97YDUR]HN6)OLFN\QJHURYDHWDO
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2QWKHEDVHRIWKHVHUHVXOWVDQGRXUH[SHULHQFHZLWKFRQWLQXDOVSXWWHULQJZHGHFLGHG
SULPDULO\WRH[SORLWVHTXHQWLDOVSXWWHULQJIRUFRYHULQJRIILQJHUSULQWV([SHULPHQWVRE
WDLQHGXVLQJ=Q2$OPDWHULDOWRYLVXDOL]HODWHQWILQJHUSULQWVGHPRQVWUDWHGWKDWQDQR
FROXPQDU WKLQ ILOPV ZHUH JURZQ E\ VSXWWHULQJ RQ ILQJHUSULQW UHVLGXHV +LJK RSWLFDO
WUDQVSDUHQF\ RI =Q2$O ILOPV WRJHWKHUZLWK WKHLU FROXPQDU VWUXFWXUH KLJKOLJKWHG ILQ
JHUSULQWVGHWDLOVREVHUYHGE\RSWLFDOPLFURVFRS\2EVHUYDWLRQVRIILQJHUSULQWWRSRORJ\
E\6(0DUHOLPLWHGE\VFDOHEHFDXVHWKHUHDUHGLIIHUHQWDPRXQWRIVHEDFHRXVVHFUH
WLRQV SUHVHQW  LQ YDULRXV DUHDV RI WKH SULQWZKLFK DUH  FRUUHVSRQGLQJ WR REMHFWV RI
PPȝP±GLPHQVLRQV
2QHRI WKHQRWLFHDEOHRXWSXWVRISUHVHQWHGUHVXOWV LVJLYHQE\ WKH IRUPLQJRIQDQR
FROXPQDUFU\VWDOOLQHWKLQILOPVZLWKQDQRVFDOHWKLFNQHVVHVE\VSXWWHULQJ,WRSHQVWKH
ZD\IRUDSSOLFDWLRQRIWKHVHWUDQVSDUHQWDQGVHPLFRQGXFWLYHILOPVLQRSWRHOHFWURQLFV
DVZHOODVLQWKHOLJKWPDQDJHPHQWLQWKLQILOPVRODUFHOOV
 &21&/86,216
5)GLRGHVSXWWHULQJOHGWRWKHIRUPDWLRQRIWKHKRPRJHQRXVQDQRFROXPQDUWKLQILOPV
RQWKHILQJHUSULQWWKHUHE\HQKDQFLQJLWVWRSRJUDSKLFDOWH[WXUHZLWKKLJKHUUHVROXWLRQLQ
FRPSDULVRQ ZLWK DVHEDFHRXV RQH $GYDQWDJHV RI WKLV WHFKQRORJ\ DUH VSXWWHUHG
=Q2$O WKLQILOPVDUHWUDQVSDUHQWDQGFRQGXFWLYH WKH\DUH OLNHO\ WRFUHDWHFROXPQDU
VWUXFWXUHWKH\GRQRWUHDFWZLWKWKHILQJHUSULQWUHVLGXHDQGWKHVHTXHQWLDOVSXWWHULQJ
LPSURYHV FU\VWDOOLQH VWUXFWXUH DQGPLQLPL]HV WKH VHOIKHDWLQJ RI WKH VXEVWUDWH3UH
VHQWHGPHWKRGLVRQHH[DPSOHRIVRFDOOHGLPSUHVVLRQHYLGHQFHDQGLWQHHGVIXUWKHU
GHYHORSPHQWDQGFRPSDULVRQZLWKWKHRWKHUPHWKRGVIRUWKHFDSWXULQJRIILQJHUSULQW
WRSRORJ\HJXVHRIHYLGHQFHWDSH
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Detection and correction of measurement data errors in magnetic 
and electromagnetic non-destructive testing of materials
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6WUXFWXUDO LQWHJULW\ DQG UHOLDELOLW\ RI FRQVWUXFWLRQ HOHPHQWV LQ SRZHU HQJLQHHULQJ
V\VWHPV GHSHQG WR D FRQVLGHUDEOH H[WHQG IURP VWDWH DQG FKDUDFWHULVWLFV RI WKHUH
PDWHULDO 7KLV FDQ EH REWDLQHG E\ PHDQV RI GLIIHUHQW PHWKRGV RI QRQGHVWUXFWLYH
WHVWLQJ ZKLFK IRU PHWDOOLF PDWHULDOV LQ PRVW FDVHV PHDQV ± HOHFWURPDJQHWLF RU
DFRXVWLFPHWKRGV ,Q WKLV FDVHVPDWHULDO LV H[SRVHG WR H[WHUQDO HOHFWURPDJQHWLF RU
DFRXVWLFH[FLWDWLRQDQGWKHGLVWULEXWLRQRIUHVXOWLQJUHDFWLRQRYHUWKHVXUIDFHLVWREH
PHDVXUHG ,Q WKH FDVH RI HOHFWURPDJQHWLF WHVWLQJ WKLV PHDQV GLVWULEXWLRQ RI
HOHFWURPDJQHWLFILHOG(VWLPDWLRQRIPDWHULDOFKDUDFWHULVWLFVLVWREHPDGHE\PHDQV
RI LQYHUVH SUREOHP VROXWLRQ ,Q PDQ\ FDVHV PDWHULDO GLVFRQWLQXLWLHV VKRXOG EH
GHWHFWHG DQG WKHLU VL]H EH HVWLPDWHG IRU H[DPSOH SLSHZDOO FRQWLQXRXVQHVV IDXOWV
0RGHUQLQVWUXPHQWVZKLFKHQDEOHVROXWLRQRIWKLVSUREOHPFRQVLVWPRVWO\RIVHQVRU
ODWWLFHVDQGDUUD\VDQGGDWDSURFHVVLQJXQLWV$SSOLFDWLRQRIVHQVRUDUUD\VODWWLFHV
HQDEOHVKLJKGHJUHHRIGDWDSURFHVVLQJDXWRPDWLRQDQG UDLVHV WHVW IHDVLELOLW\:LWK
LQFUHDVLQJRIHOHPHQWQXPEHULQVHQVRUDUUD\VLQFUHDVHVDOVRDSUREDELOLW\RIVHQVRU
IDXOWVDQGFRQVHTXHQWO\HUURUVDQGIDLOXUHLQPHDVXUHPHQWGDWD6XFKIDLOXUHVFDQEH
HVSHFLDOO\ FULWLFDO IRU VROXWLRQ RI LQYHUVH SUREOHP EHFDXVH RI LWV LQVWDELOLW\ ,Q WKLV
FRQQHFWLRQGHWHFWLRQDQG FRUUHFWLRQRI VHQVRUPDOIXQFWLRQ KDV JUHDW LPSRUWDQFH LQ
PHDVXUHPHQW V\VWHPV ZLWK VHQVRU DUUD\V LQ SDUWLFXODU KLJK UHVROXWLRQ VHQVRU
DUUD\V
 352%/(0$1$/<6,6
'HWHFWLRQVHQVRUPDOIXQFWLRQDQGFRUUHFWLRQRIPHDVXUHPHQWHUURUVZLOOEHVKRZQRQ
DQ H[DPSOH RIPDJQHWLF QRQGHVWUXFWLYH WHVWLQJ RI VWHHO SODWHV RU SLSHV7R GHWHFW
VHQVRUPDOIXQFWLRQGLIIHUHQWFULWHULDDUHDSSOLHGZKLFKDVVXPHFRUUHFWFDOLEUDWLRQRI
PHDVXUHPHQWV\VWHPUHODWLYHUHFRUGHGYDOXHV,QWKLVFDVHSHUPLVVLEOHYDULDWLRQVRI
PHDVXUHG YDOXH VKRXOG QRW H[FHHG G\QDPLF UDQJH RI PHDVXUHPHQW V\VWHP DW D
JLYHQV\VWHPVHQVLWLYLW\6RDSURORQJHGVDWXUDWLRQRIVHQVRUVLJQDOFDQEHXVHGDVD
ILUVWFULWHULRQRIVHQVRUPDOIXQFWLRQ7KHVHFRQGVHQVRUPDOIXQFWLRQFULWHULDLVEDVHG
RQ WKH DVVXPSWLRQ WKDW UDQGRP LQIOXHQFH IDFWRUV HIIHFWV DOO VHQVRUV WR WKH VDPH
H[WHQG FRQVHTXHQWO\ D VWDQGDUG GHYLDWLRQ RI VHQVRU PHDVXUHG YDOXH VKRXOG QRW
GLIIHUVLJQLILFDQWO\IURPDQDYHUDJHVWDQGDUGGHYLDWLRQRIWKHVHQVRUDUUD\
ıi2  ımean2 k 2 
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ZKHUH ı i2 YDULDQFHRIWKHiWKVHQVRU ı ɫɪ2 DYHUDJHYDULDQFHRIWKHVHQVRUDUUD\k2
± VRPH FRHIILFLHQW k2! &RHIILFLHQW k2 LV WR EH FKRVHQ ZLWK D FRQVLGHUDWLRQ RI
FKDUDFWHULVWLFV RI PHDVXUHPHQW V\VWHP DQG PHDVXUHG 2IWHQ PRUH FRPSOLFDWHG
FULWHULD DUH DSSOLHG WR GHWHFW VHQVRU PDOIXQFWLRQ 7R GHWHFW PLVVHG VFDQV VFDQ
QXPHUDWLRQLVDSSOLHG
&RUUHFWLRQRIGHWHFWHGPHDVXUHPHQWHUURUVFDXVHGE\VHQVRUPDOIXQFWLRQ LVEDVHG
RQ WKH PRGHO RI H[SHFWHG VLJQDOV 7KLV PRGHO FDQ EH EXLOW ZLWK KHOSV RI D SULRUL
LQIRUPDWLRQ DERXW LQVSHFWHG REMHFWV ZKLFK RIWHQ HQDEOHV SDUDPHWHUL]DWLRQ RI WKH
PRGHO$VDQH[DPSOH)LJXUHVKRZVW\SLFDOVLJQDOREWDLQHGE\WKHPHDVXUHPHQWRI
PDJQHWLF ILHOGGLVWULEXWLRQ DERYHD SLWWLQJ FRUURVLRQ RQ WKHSLSHZDOO LQ WKH DSSOLHG
PDJQHWLF ILHOG Bz  D[LDO FRPSRQHQW RI PDJQHWLF ILHOG 6XFK VLJQDOV DSSHDU LQ
PDJQHWLF QRQGHVWUXFWLYH WHVWLQJ >@ 3DUDPHWHU RI WKLV VLJQDO FDUULHV LQIRUPDWLRQ
DERXWGHIHFWVVL]H
Figure 17\SLFDOVLJQDORIPDJQHWLFILHOGGLVWULEXWLRQDERYHDSLWWLQJFRUURVLRQRQWKHSLSHZDOO

0DOIXQFWLRQRIVHQVRUVOHDGVWRDPLVWDNHLQWKHHVWLPDWLRQRIPDWHULDOGLVFRQWLQXLWLHV
)RUH[DPSOHHVWLPDWLRQRIWKHFRUURVLRQGHSWKPDGHE\UHJUHVVLRQPHWKRG>@IRUD
SLWWLQJ FRUURVLRQ ZLWK GLDPHWHU RI  PP JLYHV DV D UHVXOW  PP UHDO GHSWK
PPZLWK QR VHQVRUPDOIXQFWLRQDQGPPZLWK DPDOIXQFWLRQRI RQH VHQVRU
EORFNLQVHQVRUDUUD\7KHPHDVXUHPHQWVLJQDOIRUWKLVVLWXDWLRQLVVKRZQRQ)LJXUH
(VWLPDWLRQHUURU IRU WKHVLJQDOZLWKPDOIXQFWLRQVHQVRUVPDNHVXS7 LQVWHDGRI
7 ZKHUH7 ±ZDOO WKLFNQHVV LV PPZKLFK LV  WLPHPRUH WKDQ LQ QRUPDO
FDVH
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV '$6OHVDUHY
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(UURUFRUUHFWLRQ LVEDVHGRQWKHUHGXQGDQF\RIPHDVXUHPHQWGDWDZKLFKPHDQV LQ
WKH FDVH RI QRQGHVWUXFWLYH WHVWLQJ D FHUWDLQ PDUJLQ RI VHQVLWLYLW\ DQG UHVROXWLRQ
UHODWLYHPLQLPDOGHWHFWDEOHGHIHFW

Figure 2 6LJQDO RIPDJQHWLF ILHOG GLVWULEXWLRQ RI SLWWLQJ FRUURVLRQZLWK DPDOIXQFWLRQ RI RQH VHQVRU
EORFN
:KHQ GHWHFWLQJ VHQVRU PDOIXQFWLRQ LWV UHDGLQJ VKRXOG EH VXEVWLWXWHG E\ D YDOXH
FDOFXODWHG RQ WKH EDVH RI QHLJKERXULQJ VHQVRUV UHDGLQJ ,Q PRVW RI FDVHV WKHVH
YDOXHVDUHFDOFXODWHGE\PHDQVRI LQWHUSRODWLRQ'LIIHUHQW W\SHVRI LQWHUSRODWLRQFDQ
EHDSSOLHGEXWWKHPRVWO\ZLGHVSUHDGDUHSLHFHZLVHFRQVWDQWSLHFHZLVH OLQHDUDQG
VSOLQH LQWHUSRODWLRQ7KHVH WKUHH W\SHVDUH FRPSDUHGEHORZRQ WKHH[DPSOH RI WKH
VLJQDOVKRZQRQWKH)LJXUH
 5(68/76
)LJXUHGHSLFWVDSSOLFDWLRQRISLHFHZLVHFRQVWDQWDSLHFHZLVHOLQHDUEDQGVSOLQH
FLQWHUSRODWLRQWRDFHQWUDOSURILOHRIWKHVLJQDOLQWKH)LJXUH
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV '$6OHVDUHY
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Figure 3
3LHFHZLVH FRQVWDQW SLHFHZLVH OLQHDU DQG VSOLQH
LQWHUSRODWLRQRIPDOIXQFWLRQVHQVRUEORFN
3LHFHZLVH OLQHDU LQWHUSRODWLRQFRQVLVWV LQ VXEVWLWXWLRQRI IDXOW\ VHQVRUV UHDGLQJZLWK
RQHV FDOFXODWHV DV OLQHDU DSSUR[LPDWLRQ RI FRUUHVSRQGLQJ VDPSOHV RQ WKHEDVH RI
WKH QHLJKERXULQJ JRRG VHQVRUV &RUUHFW UHDOL]DWLRQ RI WKLV W\SH RI LQWHUSRODWLRQ
DVVXPHVDGGLWLRQDOO\DQDO\VLVRI IDXOW\ VHQVRUV ORFDWLRQ ±DW VLJQDOH[WUHPXPRU LQ
PRQRWRQRXV UHJLRQ ,Q WKH ILUVWFDVH LQWHUSRODWLRQ UHJLRQVKRXOGEHGLYLGHG LQWR WZR
SDUWV±HDFKVKRXOGEHFDOFXODWHGVHSDUDWHO\7KLV W\SHRI LQWHUSRODWLRQSUHVXPHV
PXOWLSOLFDWLRQVIRUHDFKHUURQHRXVVDPSOH
6SOLQHLQWHUSRODWLRQFRQVLVWV LQWKHFDOFXODWLRQRIIDXOW\VHQVRUVUHDGLQJRQWKHEDVH
RI WKH QHLJKERXULQJ JRRG VHQVRUV ZLWK KHOSV RI VSOLQH IXQFWLRQV ± PRVWO\ FXELF
VSOLQHV 1XPEHU RI VXSSRUWLQJ VHQVRUV GHSHQG RQ WKH GHJUHH RI VSOLQH LW LV
QHFHVVDU\DWOHDVWVXSSRUWLQJVHQVRUVIURPHDFKVLGHRIIDXOW\VHQVRUV7KLVW\SHRI
LQWHUSRODWLRQ LV PRVW UHVRXUFHGHPDQGLQJ DQG FRPSOLFDWHG LQ UHDOL]DWLRQ $Q
DSSURSULDWH DOJRULWKP GHPDQGV  PXOWLSOLFDWLRQV IRU HDFK HUURQHRXV VDPSOH LQ
ZLWKLQVHYHUDOFRQVHTXHQWF\FOHV
7KLV WKUHH LQWHUSRODWLRQ PHWKRGV ZHUH FRPSDUHG DW WKH VDPSOLQJ RI PDWHULDO
GLVFRQWLQXLWLHV RI GLIIHUHQW VL]H >@ 7KH VDPSOLQJ FRQVLVWHG RI DUWLILFLDO GHIHFWV RI
URXQGDQGVTXDUHVKDSHZLWKFKDUDFWHULVWLFVL]HIURPPPWRPPDQGGHSWKRI
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7ϲ 
PPWRPPZDOOWKLFNQHVV±PP6HQVRUPDOIXQFWLRQZDVVLPXODWHGLQWZR
GLIIHUHQWUHJLRQVRIVLJQDO±DWVLJQDOH[WUHPXPDQGLQPRQRWRQRXVUHJLRQ$YHUDJH
HUURU RI GHIHFWV GHSWK HVWLPDWLRQ IRU GLIIHUHQW W\SHV RI LQWHUSRODWLRQ LV JLYHQ LQ WKH
WDEOH2QHFDQVHHWKDWIRUVHQVRUPDOIXQFWLRQDWWKHHGJHHYHQSLHFHZLVHFRQVWDQW
LQWHUSRODWLRQDOORZVUHGXFLQJHVWLPDWLRQHUURUWR7)RUVHQVRUPDOIXQFWLRQLQWKH
FHQWUHRIWKHVLJQDOGHIHFWGHSWKHVWLPDWLRQZLWKSLHFHZLVHFRQVWDQWLQWHUSRODWLRQKDV
UDWKHUELJHUURU±7:LWKKHOSRIVSOLQHLQWHUSRODWLRQWKLVHUURUFDQEHUHGXFHGWR
7.
Table 1.  Average error of defects depth estimation for different types of interpolation
,QWHUSRODWLRQW\SH
SLHFHZLVHFRQVWDQW SLHFHZLVHOLQHDU VSOLQH
6HQVRU PDOIXQFWLRQ DW
WKHHGJH
ɦɦ ɦɦ ɦɦ
6HQVRU PDOIXQFWLRQ LQ
WKHFHQWHU
ɦɦ ɦɦ ɦɦ
 &21&/86,216
7KXV EHVW UHVXOWV RI PHDVXUHPHQW HUURUV FRUUHFWLRQ FDQ EH DFKLHYHG ZLWK KHOS RI
VSOLQHLQWHUSRODWLRQDQGLWHQDEOHVWRUHGXFHWKHHUURURIPDWHULDOGLVFRQWLQXLWLHVGHSWK
HVWLPDWLRQ IRU WKH FDVH RI FHQWUDO VHQVRUV PDOIXQFWLRQ WR  7 7KLV PHWKRG LV
QHYHUWKHOHVV VLJQLILFDQWO\ PRUH UHVRXUFHGHPDQGLQJ WKDQ SLHFHZLVH FRQVWDQW RU
SLHFHZLVHOLQHDULQWHUSRODWLRQ,QPDQ\FDVHVLWLVVXIILFLHQWWRDSSO\SLHFHZLVHOLQHDU
LQWHUSRODWLRQ
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A Study of Temperature Dependence of Self Absorption 
Limit of the Single Crystals In2S3
3ROXERN8ODG]LVODX$
%HODUXVLDQ6WDWH8QLYHUVLW\RI,QIRUPDWLFVDQG5DGLRHOHFWURQLFV
,QVWLWXWHRI,QIRUPDWLRQ7HFKQRORJ\

Abstract
7KH%ULGJPDQDQG%ULGJPDQ±6WRFNEDUJHUWHFKQLTXHVKDYHEHHQLPSOHPHQWHGWRV\QWKHVL]HDQG
JURZWKHVLQJOHFU\VWDOVRIELQDU\FRPSRXQG,Q6ZKLFKKDYHEHHQXVHGDVDEDVLVWRJHWWLQJ
IXUWKHUVRPHVDPSOHVRIKLJKWHPSHUDWXUHFXELFPRGLILFDWLRQ7KHWUDQVPLWWDQFHVSHFWUDRIWKHVH
VDPSOHVKDYHEHHQUHPRYHG7KHREWDLQHGGDWDKHOSHGWRGHILQHWKHVHOIDEVRUSWLRQOLPLWVDQGWR
ILQGWKHGHSHQGHQFHRIWKHVHOIDEVRUSWLRQOLPLWVRQWKHWHPSHUDWXUHV

 ,1752'8&7,21
'LDPRQGOLNHVHPLFRQGXFWRUVDUHZLGHO\NQRZQEHFDXVHRIWKHFRPELQDWLRQRIVRPH
LPSRUWDQWVHPLFRQGXFWRUV¶SURSHUWLHVKLJKFDUULHUPRELOLW\SKRWRDQGWKHUPRHOHFWULF
TXDOLWLHVORZWKHUPDOFRQGXFWLYLW\$WWKHVDPHWLPHZKLOHVWXG\LQJSURSHUWLHVRIWKH
QRQRUJDQLF VHPLFRQGXFWRU FRPSRXQGV ZLWK D QRUPDO VWUXFWXUH OLNH VSKDOHULWH RU
ZXU]LWHWKHFRPSRXQGVZLWKDGHIHFWVWUXFWXUHKDYHEHHQHLWKHUVWXGLHG:KHQFRP
SDUHG WR WKH DQDORJXH FRPSRXQGV RI 7\SH$,,,%9 RU$,,%9, WKH FRPSRXQGV RI W\SH
VIIII CB 32  ZKHUH %,,,± % $O *D ,Q 7O &9,± 6 6H 7H GHPRQVWUDWH VRPH VSHFLDO
SURSHUWLHVGXHWRWKHLUGHIHFWVWUXFWXUH
7KHVLQJOHFU\VWDOV ,Q6DURXVH LQWHUHVWEHFDXVHRI WKHLUSURSHUWLHVDV IROORZKLJK
UDGLDWLRQUHVLVWDQFHFRQGLWLRQHGE\DELJQXPEHURIGHIHFWVaIRUELGGHQ]RQH
ZLGWKZKLFKLVFORVHWRWKHRSWLPDORQH(J ±H9IRUGHVLJQRIWKHVRODUUD
GLDWLRQFRQYHUWHUVSRVVLELOLW\WRUHSODFHWKHWR[LF&G6LQSURGXFWLRQRIWKHVRODUUDGLD
WLRQFRQYHUWHUV&RPELQHGDOO WKHVHSURSHUWLHVPD\PDNHWKLVFRPSRXQGXVHIXO IRU
GLIIHUHQWWHFKQLFDOGHYLFHV/('RIOLQHDUO\SRODUL]HGUDGLDWLRQVRODUUDGLDWLRQSKRWR
FRQYHUWHUVRIKLJKHIILFLHQF\a±>@
 (;3(5,0(17$/'(7$,/6
3UHYLRXV V\QWKHVLV RI WKH ELQDU\ FRPSRXQG ,Q6 KDV EHHQ UHDOL]HG E\ GLUHFWLRQDO
FU\VWDOOL]DWLRQ WHFKQLTXH KRUL]RQWDO YHUVLRQ RI WKH %ULGJPDQ WHFKQLTXH ZKHQ WKH
PHWDOOLF ,QGLXPDQG6XOIXUDUHSODFHG LQGLIIHUHQWSDUWVRIDTXDUW]YHVVHO)LUVW WKH
WHPSHUDWXUHLQWKH³KRW´SDUWRIWKHRYHQKDGEHHQUDLVHGDWWKHVSHHGRIaɄKXS
WR±ɄDQG LQ WKH ³FROG´SDUW±XS WRaɄ$W WKHVH WHPSHUDWXUHV WKH
LVRPHWULFVRDNZDVKRXUORQJ$IWHUWKDWWKHGLUHFWLRQDOFU\VWDOOL]DWLRQZDVFDUULHG
RXW E\ PHDQV RI WKH PHOW WHPSHUDWXUH GHFUHDVH DW WKH VSHHG RI aɄK GRZQ WR
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80 
ɄZKLOH WKH WHPSHUDWXUH RI WKH ³FROG´ RQHZDV FRQVWDQW aɄ WKHREWDLQHG
FU\VWDOVZHUHDQQHDOHGIRUKRXUV7KHQWKHRYHQVKRXOGKDYHEHHQGLVFRQQHFW
HG7KHFU\VWDOVZHREWDLQHGWKDWZD\ZHUHODUJHJUDLQHGVRPHRIWKHJUDLQVZHUH
±ɯɯPP
7KHGHULYHGFU\VWDOVZHUHXVHG WRJURZVLQJOH FU\VWDOVDFFRUGLQJ WR WKH%ULGJPDQ
6WRFNEDUJHU WHFKQLTXH(YDFXDWHG WR3DDQG VHDOHGDPSRXOHZDVSODFHG LQWR
WKHXSSHU]RQHRIWKUHH]RQHYHUWLFDORYHQ7KHWHPSHUDWXUHRIWKHPHOWLQJ]RQHZDV
HVWDEOLVKHG DW aɄ 7KH DPSRXOH LQ WKH RYHQ ZLWK PHOWLQJ UHPDLQHG IRU
aKRXUVLQRUGHUWRKRPRJHQL]HWKHPHOWDQGWKHQZDVPRYHGGRZQWKURXJKWKH
FU\VWDOOL]DWLRQ IURQW LQWR WKH ORZHU]RQHDW WKHVSHHGRIaPPKDW WHPSHUDWXUH
JUDGLHQWaɄFP
,QWKHLQLWLDOVWDJHRIWKHJURZWKSURFHVVWKHFRQGLWLRQVRIWKHSUHSDUDWLRQRIWKHVLQ
JOHFU\VWDOVHHGZHUHFKRVHQ,QRUGHUWRJHWWKHFU\VWDOVHHGDSDUWRIPHOWaPP
ORQJZDV FU\VWDOOL]HG E\ VLQNLQJ WKHDPSRXOH DIWHU WKDW WKH FU\VWDOOL]LQJ DQQHDOLQJ
ZDVKHOGIRUKRXUV7KDWZD\ZHIRUPHGDVLQJOHLQRFXODWLQJFU\VWDODVDEDVLVIRU
IXUWKHU ,Q6 FU\VWDOV JURZLQJ :KHQ WKH PHOW LV FU\VWDOOL]HG WKH FU\VWDOV ZH JRW
VKRXOGEHDQQHDOHGIRUKDW WKH WHPSHUDWXUHRIɄ ,Q WKHVHFRQGLWLRQV WKH
VLQJOHFU\VWDOV,Q6PPGLDPHWHUDQGPPILJZHUHJURZQ
7KHVDPH WHFKQLTXHZDVXVHG WRREWDLQ
D KLJK WHPSHUDWXUH PRGLILFDWLRQ :KDW
PDNHV GLIIHUHQW WKH WHFKQRORJLFDO SUR
FHVV LV WKDW ZKHQ WKH WHPSHUDWXUH H[
FHHGHGWKHSKDVHWUDQVLWLRQ WHPSHUDWXUH
aɄ WKH ZLUH ZKLFK ZDV XVHG WR
VLQN WKHDPSRXOH LQWR WKHRYHQZDVFXW
WKH ZD\ WKH DPSRXOH IHOW GRZQ WR WKH
YHVVHOILOOHGZLWKOLTXLGQLWURJHQ7KHQWKH
VDPSOHVZHUHTXHQFKHG
7KH HOHPHQW FRQWHQW RI WKH JURZQ FU\V
WDOV  >,Q@>6@ DW FRLQFLGH
ZLWK WKH UHTXLUHGFRPSRVLWLRQRI WKH LQLWLDO ORDG >,Q@>6@ DWDQG WKHUH
DUH QR VLJQLILFDQW YDULDWLRQV RI WKH FRPSRVLWLRQ ZKLOH DQDO\]LQJ LQ GLIIHUHQW SRLQWV
ZKLFKPHDQVLWLVXQLIRUP$FFRUGLQJWRWKHREWDLQHGGDWDWKHJURZQFU\VWDOVFRPSR
VLWLRQFRLQFLGHZLWKWKHIRUPXODRI,Q6
7KH;5D\VWXGLHVZHUHPDGHRQWKHVDPSOHVSUHYLRXVO\SUHSDUHGE\SXOYHUL]LQJWKH
FU\VWDOV ,Q RUGHU WR LPSURYH PHFKDQLFDO VWUHVVHV ZKLOH SXOYHUL]LQJ FU\VWDOV WKH\
ZHUHDQQHDOHGLQYDFXXPDWɄIRUK
)RURSWLFDOPHDVXUHPHQWVVRPHSODQHSDUDOOHOVHJPHQWVZHUHFXWRXW WKHFU\VWDOSHU
SHQGLFXODUWRLWVJURZLQJD[LV7KHQWKHVHGHULYHGZDIHUVZHUHJULQGHGDQGSROLVKHG$V
DUHVXOWRIJULQGLQJDQGSROLVKLQJZHJRWIHZVDPSOHVPLFURPHWHUVZLGH

)LJXUH±6LQJOHFU\VWDORIWKHELQDU\
FRPSRXQG,Q6
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 3ROXERN8ODG]LVODX$
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7RGHILQHHQHUJLHVRI WKHRSWLFDO WUDQVLWLRQ LQ WKHFU\VWDOVDQG WKHLUGHSHQGHQFHRQ
WKHWHPSHUDWXUHWKHVSHFWUDRIRSWLFDOWUDQVPLVVLRQIRUZDYHV±PLFURPHWHUV
ORQJDQGWHPSHUDWXUHUDQJH±.ZHUHPHDVXUHG
 5(68/76
7KHGHULYHG;5D\SDWWHUQVZHUHLQGH[HGWKHGRXEOHJUD]LQJDQJOHYDOXHVIRUDOOWKH
GLIIUDFWLRQPD[LPDZHUHGHWHUPLQHGZLWKDFFXUDF\XSWRFHQWLJUDGHV
2Q WKHGLIIUDFWLRQSDWWHUQV ILJDQG ILJZHVHHDV\VWHPRI OLQHVZKLFKFRUUH
VSRQGWRWKHWHWUDJRQDOVWUXFWXUHILJDQGFXELFILJ7KHHOHPHQWDU\FHOOVGDWD
ZHUHFDOFXODWHGXVLQJOHDVWVTXDUHPHWKRGIRUUHIOH[HVDWDQJOHVș!7KHHOH
PHQWDU\FHOOGDWD LVɚ rcF rc IRU WHWUDJRQDOPRGLILFD
WLRQDQGɚ rcIRUFXELFPRGLILFDWLRQWKXVFRUUHVSRQGWRWKHIDFWV>@
7KHWUDQVPLVVLRQFRHIILFLHQWVRIWKHVLQJOHFU\VWDOVRIWZRPRGLILFDWLRQVZHUHHYDOXDW
0
100
80
60
40
20
10 20 30 40 50 60 70 80 90
2Ĭ
I, %
(11
1)
(22
0)
(31
1)
(22
2)
(40
0)
(33
3)
(34
2)
(44
0)
(53
1) (5
33
)
(44
4)
(73
1)
(80
0)
(55
5)
(84
0)
(93
1) (4
48
)
(64
2)
(33
1)
(42
2)
(62
0)
 
)LJXUH±'LIIUDFWLRQSDWWHUQRIWKH,Q6FU\VWDORIFXELFPRGLILFDWLRQ
(1
 0 
3)
(1
 1 
2)
(2
 1
4)
(2
 1 
3)
(2
 0 
0)
(3
 0 
5)
(4
 0 
0)
(3
 2 
3)
(4
 0 
12
)
(4
 2 
6)
(4
 2 
5)
(4
 1 
3) (4
 4 
0)
(5
 2 
3)
(6
 2 
0)
(5
 2 
11
)
(6
 1 
3)
(6
 2 
12
)
(6
 3 
3)
(3
 0 
3)
(3
 0 
1)
(2
 0 
8)
(2
 1 
7)
(3
 2
5)
(4
 2 
1)
(4
 2 
4)
(5
 3 
4)
(5
 1 
2)
(5
 0 
1)
10 20 30 40 50 60 70 80 90 100 110
100
80
60
40
20
0
(2
 2 
0)
(1
 1 
5)
(3
 2 
1)(3
 1
5)
(3
 1
10
)
(4
28
)
(4
 3 
3)
(7
16
)
(7
23
)
(7
25
)
(6
53
)
(5
3 1
6)
(6
 2 
2)
(4
 2 
0)
2ș
I, 
%
 
)LJXUH±'LIIUDFWLRQSDWWHUQRIWKH,Q6FU\VWDORIWHWUDJRQDOPRGLILFDWLRQ
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 3ROXERN8ODG]LVODX$
 
82 
HGH[SHULPHQWDOO\7KHUHVXOWVFDQEHVHHQLQILJ
 ',6&866,21
7KH DEVRUSWLRQ FRHIILFLHQW Į ZDV FDOFXODWHG EDVLQJ RQ WKH UHJLVWHUHG WUDQVPLVVLRQ
VSHFWUDDFFRUGLQJ WRWKHIRUPXOD WKDWFRQVLGHUVPXOWLSOH LQWHUQDO UHIOHFWLRQV LQSODQH
SDUDOOHOVDPSOH
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ZKHUHG²VDPSOHWKLFNQHVV
5²UHIOHFWLRQFRHIILFLHQW5 
Ɍ²WUDQVPLVVLRQFRHIILFLHQW
7KHVSHFWUDOGHSHQGHQFHȘKȞRQWKHSKRWRQHQHUJ\KȞIRUFXELFDQGWHWUDJRQDO
PRGLILFDWLRQVZDVGHWHUPLQHGILJ
7KH YDOXHVRI VHOIDEVRUSWLRQ OLPLW ȿJZHUH IRXQGE\ H[WUDSRODWLRQRI VWUDLJKWOLQH
VHJPHQWRI WKHGHSHQGHQFHȘKȞȿJYDOXHVDWGLIIHUHQW WHPSHUDWXUHJUDGHVPD\
EHVHHQLQWKHWDEOH
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E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DWGLIIHUHQWWHPSHUDWXUHGHJUHH 
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,QILJ\RXPD\VHHWKHWHPSHUDWXUHGHSHQGHQFHRIWKHVHOIDEVRUSWLRQOLPLW
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7DEOH±9DOXHVRI WKHIRUELGGHQ]RQHZLGWK IRU,Q6RI WZRVWUXFWXUDOPRGLILFDWLRQVDWGLI
IHUHQWWHPSHUDWXUHV
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 &21&/86,216
7KH VLQJOH FU\VWDOV RI WHWUDJRQDO PRGLILFDWLRQ ZHUH JURZQ XVLQJ %ULGJPDQ DQG
%ULGJPDQ6WRFNEDUJHU WHFKQLTXHV 7KH WHFKQLTXH IRU WKH SUHSDUDWLRQ RI WKH VLQJOH
FU\VWDOV RI ,Q6 ZLWK FXELF PRGLILFDWLRQ LV SUHVHQWHG %\ ;5D\ VSHFWUDO DQDO\VLV
WHFKQLTXH ZH SURYHG WKDW WKH FRPSRVLWLRQ RI WKH JURZQ FU\VWDOV FRLQFLGH ZLWK WKH
,Q6IRUPXOD7KHJURZQVLQJOHFU\VWDOVRIWZRVWUXFWXUDOPRGLILFDWLRQVZHUHVWXGLHG
LQRUGHU WRVHHWKHGHSHQGHQFHRI WKHVHOIDEVRUSWLRQ OLPLWRQ WKH WHPSHUDWXUH7KH
UHVXOWVZHVHHRQWKHILJVKRZWKDW WKHGHSHQGHQFHKDVVRPHFOHDUVWUDLJKWOLQH
VHJPHQWZKLFKPHDQVDVZHOODVWKH;5D\GDWDHTXDOZHLJKWLQJDQGXQLIRUPLW\RI
WKHJURZQVLQJOHFU\VWDOV  ,WZDVDOVRSURYHQWKDWZKHQWKHWHPSHUDWXUH LQFUHDVHV
WKHVHOIDEVRUSWLRQOLPLWGHFUHDVHV
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Incorporation of Copper Nanoparticles into DLC Films 
during Growth by DC PE-CVD Method 

0DULDQ0DUWRQ0iULR.RWOiU3DYRO0LFKQLDN0DUFXV:LONH5ROI*ULHVHOHU
0DUFXV+RSIHOG3HWHU6FKDDI0DULDQ9HVHOê

,QVWLWXWHRIHOHFWURQLFVDQGSKRWRQLFV)(,678,ONRYLþRYD%UDWLVODYD6ORYDNLD
,QVWLWXWHRI0DWHULDOV(QJLQHHULQJ&KDLU0DWHULDOVIRU(OHFWURQLFV,OPHQDX8QLYHUVLW\RI7HFKQRORJ\
,OPHQDX*HUPDQ\

Abstract 
0HWDOGRSHGGLDPRQGOLNHFDUERQ0H'/&WKLQILOPVZHUHGHSRVLWHGXVLQJ'&3(&9'GHS
RVLWLRQSURFHVVLQ&+$USODVPD&XZDVLQFRUSRUDWHGLQWRWKHILOPVE\VSXWWHULQJDQHJDWLYH
O\ELDVHGWDUJHWZLWK$ULRQVZKLOH'/&ZDVSURGXFHGIURP&+DVFDUERQVRXUFH7KHLQIOX
HQFHRI GHSRVLWLRQ SDUDPHWHUV RQ WKH VL]HDQG GHQVLW\ RIPHWDO QDQRSDUWLFOHVZDV VWXGLHG
0HWKDQHDQGDUJRQIORZUDWLRJDVSUHVVXUHDQGVXEVWUDWHELDVZHUHFKDQJHGWRREWDLQKLJK
PHWDOFRQFHQWUDWLRQ7KHSUHVHQFHRIPHWDOSDUWLFOHVOHGWRLQFUHDVHGHOHFWULFDOFRQGXFWLYLW\RI
WKHKLJKO\ UHVLVWLYH'/& OD\HUVDQGFKDQJHG LW LQVHYHUDORUGHUVRIPDJQLWXGH7KHHIIHFWRI
DQQHDOLQJ DQG SODVPD HWFKLQJ ZHUH DOVR REVHUYHG 7KH VXUIDFHPRUSKRORJ\ DQG VWUXFWXUDO
SURSHUWLHVRIWKHV\QWKHVL]HGWKLQILOPVZHUHHYDOXDWHGE\6(0/$%(*'2(6DQG5DPDQ
VSHFWURVFRS\
,1752'8&7,21
'LDPRQGOLNHFDUERQLHWKHDPRUSKRXVQHWZRUNRIVSDQGVSERQGHGFDUERQDW
RPVKDVDWWUDFWHG DWWHQWLRQ IRU LWVH[WUDRUGLQDU\SURSHUWLHVVXFKDVKLJKKDUGQHVV
DQGZHDUUHVLVWDQFHORZIULFWLRQFRHIILFLHQWELRFRPSDWLELOLW\WUDQVSDUHQF\LQ,5ZLGH
SRWHQWLDOZLQGRZDQGFKHPLFDOVWDELOLW\7KHVHSURSHUWLHVPDNHWKHPVXLWDEOHIRUYDU
LRXV DSSOLFDWLRQV LQ WKH ILHOG RI FXWWLQJ WRROV DXWRPRWLYH LQGXVWU\ DUWLILFLDO KXPDQ
ERG\SDUWVRSWLFVHOHFWURQLFVDQGVHQVRUV>@7KHPDLQGLVDGYDQWDJHIRUWKHXVHRI
'/&LQWKHILHOGRIHOHFWURQLFVLVWKHORZFRQGXFWLYLW\FDXVHGE\KLJKFRQFHQWUDWLRQV
RI VS&& DQG&+ ERQGV LQ WKH ILOPV 7KHUHIRUH WKHUH DUHPDQ\ DWWHPSWV WR LQ
FUHDVHWKHFRQGXFWLYLW\E\ILOPGRSLQJ7KHPRVWXVHGGRSLQJHOHPHQWVWREHLQFRU
SRUDWHGLQWRWKHDPRUSKRXVFDUERQQHWZRUNDUHQLWURJHQERURQDQGYDULRXVPHWDOV
>@
7KHHOHFWULFDOFRQGXFWLYLW\RIDPRUSKRXVFDUERQILOPVPD\EHWXQHGE\XSWRRU
GHUVRIPDJQLWXGH±IURPDQLQVXODWRUWRDPHWDOOLFFRQGXFWRU±E\DGGLQJ$XDQG7D
PHWDODWRPVLQWRWKHJURZLQJILOPV7KHPHWDODWRPVDUHQRWKRPRJHQHRXVO\GLVWULE
XWHGLQWKHFDUERQRUK\GURJHQDWHGFDUERQPDWHULDO LQVWHDGPHWDOFOXVWHUVRUPHWDO
FDUELGH FOXVWHUV DUH IRUPHG GXH WR WKH DJJUHJDWLRQ SURFHVVHV GXULQJ WKH ILOP IRU
PDWLRQ
7KLV KHWHURJHQHRXV PDWHULDO FRQVLVWV RI FU\VWDOOLQH FRQGXFWLQJ PHWDO FOXVWHUV HP
EHGGHG LQDPRUHRU OHVV LQVXODWLQJPDWUL[RIDPRUSKRXVFDUERQZKLFKPD\EHK\
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV 0DULDQ0DUWRQHWDO
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GURJHQDWHGDVZHOO0HD&+7XQQHOLQJRUKRSSLQJRIWKHFDUULHUVEHWZHHQWKHPH
WDOOLFLVODQGVZDVVXJJHVWHGDVWKHGRPLQDQWFRQGXFWLRQPHFKDQLVP>@,QWKLVZRUN
WKHSUHSDUDWLRQRIFRSSHUGRSHG'/&&X'/&ILOPVE\WKH'&3(&9'PHWKRGLV
VWXGLHG
(;3(5,0(17$/
'/& WKLQ ILOPV ZHUH GHSRVLWHG E\ D '& 3(&9' SURFHVV LQ D YDFXXP UHDFWRU
891,3$ GHVFULEHG SUHYLRXVO\ LQ 5HI >@ XVLQJ D'& SRZHU VXSSO\ 0LUURU
SROLVKHG6LDQG&RUQLQJJODVVVXEVWUDWHVZHUHXVHG IRUGHSRVLWLRQRI WKHFRDWLQJV
3ULRUWRGHSRVLWLRQVXEVWUDWHVZHUHFOHDQHGIRUPLQZLWK$ULRQVZLWKLQWKHGHSRVL
WLRQ FKDPEHU %DFNJURXQG SUHVVXUHZDV  3D DQGZRUNLQJ SUHVVXUHZDVPDLQ
WDLQHGIURPWR3DGHSHQGLQJWRWKHJDVIORZ0HWKDQHZDVXVHGDVSUHFXUVRUJDV
IRU'/&JURZWKZKLOHWKHDGPL[WXUHRIDUJRQZDVUHVSRQVLEOHIRUVLPXOWDQHRXVVSXW
WHULQJRIFRSSHUWDUJHW7KHGHSRVLWLRQYROWDJHZDVFKDQJHGIURPWRN9DQGWKH
WHPSHUDWXUHZDV EHORZ  & 7KH&X'/& FRPSRVLWH OD\HUVZHUH VXEVHTXHQWO\
DQQHDOHGDW&DQG&XQGHU3DYDFXXPXVLQJUDSLGWKHUPDODQQHDOLQJ
57$ IRURQHKRXU7KH UHVLVWLYLW\RI WKH ILOPVZDVPHDVXUHGEHIRUHDQGDIWHU WKH
DQQHDOLQJSURFHVVHPSOR\LQJWKHYDQGHU3DXZPHWKRG7KHVWUXFWXUDOSURSHUWLHVRI
'/&ILOPVZHUHHYDOXDWHGE\VFDQQLQJHOHFWURQPLFURVFRS\6(0-(2/)XV
LQJVHFRQGDU\HOHFWURQLPDJLQJ6(,DQG5DPDQVSHFWURVFRS\ZLWKQPUDGLD
WLRQ IURPD+H±1H ODVHU7KHDFTXLUHG5DPDQVSHFWUDZHUH ILWWHGZLWKD*DXVVLDQ
OLQH WR LOOXVWUDWH WKH'DQG*SHDNSRVLWLRQVDQGWKH*SHDNIXOOZLGWKDWKDOIPD[L
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):+0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5DPDQVSHFWUDRIWKHDVGHSRVLWHGDQGDQQHDOHG'/&ILOPVSUHVHQWHGLQ)LJVKRZ
WKHW\SLFDO'DQG*EDQGDWDQGFPDVVRFLDWHGZLWKGLVRUGHUHG'DQG
JUDSKLWH * VS && ERQGV 7KH GDWD IURP ILWWHG 5DPDQ VSHFWUD RI WKH DQQHDOHG
ILOPVDUHGHSLFWHGLQ)LJ

:LWK LQFUHDVHG DQQHDOLQJ WHPSHUDWXUH WKH* SHDN SRVLWLRQ LQFUHDVHG WRZDUGV WKH
YDOXH RI JUDSKLWH DQG WKH ):+0 GHFUHDVHG ZKLFK PHDQV WKH ILOP EHFDPHPRUH
FU\VWDOOLQH)URP6(0 LPDJHVVKRZQ LQ)LJDQG WKH5DPDQVSHFWUDZHFDQDV
VXPHWKDWZLWKLQFUHDVLQJRIWKHDQQHDOLQJWHPSHUDWXUHWKHILOPVEHFDPHPRUHJUD
SKLWLF
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)LJSEM images of as deposited (a,b) and annealed (c,d – 300°C, e,f – 500°C ) Cu-doped DLC 
films, marker shows 100 nm. 
)LJSUHVHQWV6(0LPDJHVRIWKHILOPV)LJDEVKRZVWZRGLIIHUHQWGHSRVLWHG
&X'/&ILOPV7KHEULJKWGRWVDUHWKHFRSSHUSDUWLFOHVGHSRVLWHGKRPRJHQRXVO\ZLWK
LQWKHILOPV:HFDQVHHWKDWWKHVL]HRIWKHFRSSHUSDUWLFOHVDQGGLVWDQFHVEHWZHHQ
WKHPFKDQJHGZLWK WKHGLIIHUHQWGHSRVLWLRQFRQGLWLRQV7KHDYHUDJH VL]HRI FRSSHU
SDUWLFOHVYDULHGIURPWHQWKVWRKXQGUHGVRIQP7KHLPDJHVFDQGGVKRZWKHOD\HUV
DQQHDOHGDW&DQGHDQGIDUHWKHOD\HUVDQQHDOHGDW&,QWKHFDVHRI
ILUVW OD\HUDIWHUDQQHDOLQJDW&ZHFDQREVHUYHVPDOO&XSDUWLFOHVDSSHDUHGLQ
WKHHPSW\VSDFHLQEHWZHHQWKHSUHYLRXVO\GHSRVLWHGODUJHUSDUWLFOHV$IWHUDQQHDOLQJ
DWKLJKHU WHPSHUDWXUH WKHUHDUHVWLOOQHZVPDOO&XSDUWLFOHVDQGDOORI WKHSDUWLFOHV
VHHPWRMRLQWRJHWKHUFUHDWLQJODUJHUFOXVWHUV$IWHUDQQHDOLQJRIWKHQH[WOD\HU)LJ
GDW&WKHUHDUHWKHQHZVPDOOSDUWLFOHVEHWZHHQWKHGHSRVLWHGRQHVDJDLQ,W
LVFOHDUIURPWKHLPDJHWDNHQIURPOD\HUDQQHDOHGDW&WKDWWKHRULJLQRIWKHPLV
LQWKHODUJHUDVGHSRVLWHGSDUWLFOHVZKLFKFRQWDLQKROHVDQGHPSW\VSDFHV$IWHUDQ
QHDOLQJ SURFHVV WKH GLVWULEXWLRQ RI &X RYHU WKH'/& WKLQ ILOPV VHHPV WR EHPXFK
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PRUHKRPRJHQRXVDQGGLVWDQFHVEHWZHHQFRQGXFWLYH&XSDUWLFOHVDUHYLVLEO\VPDOO
HU
:KLOHWKHEXONUHVLVWDQFH5EXONRIWKHQRQGRSHG'/&WKLQILOPVZDVQRWPHDVXUDEOH
LH LWZDVH[WUHPHO\KLJK WKHYDOXHVRI WKHUHVLVWLYLW\RI WKHDVGHSRVLWHG&X'/&
OD\HUVZHUHPHDVXUHGWREHLQWKHUDQJHIURPȍFPWRîȍFPGHSHQGLQJRQ
GHSRVLWLRQSURSHUWLHVDQGWKXVWKHUHVXOWLQJDPRXQWVL]HDQGGLVWULEXWLRQRI&XSDUWL
FOHVLQWKHILOPV$IWHUDQQHDOLQJWKHSURFHVVDW&WKHUHVLVWLYLW\GURSVE\VHYHU
DORUGHUVRIPDJQLWXGHWRYDOXHVUDQJLQJIURPîȍFPWRȍFP

&21&/86,216
:HXVHG3(&9'PHWKRGIRU WKHGHSRVLWLRQRI&X LQFRUSRUDWHG'/&WKLQILOPVIURP
&+$UJDVPL[WXUH7KHVL]HRIWKHQDQRSDUWLFOHVYDULHGZLWKFKDQJLQJWKHGHSRVLWLRQ
FRQGLWLRQVLQWKHUDQJHRIWHQWKWRKXQGUHGVRIQP$IWHUWKHDQQHDOLQJSURFHVVQHZ
VPDOO&XSDUWLFOHVDSSHDUHGLQWKHVSDFHEHWZHHQWKHDVGHSRVLWHGRQHVDQGDOOWKH
SDUWLFOHVZHUHGLVWULEXWHGPRUHKRPRJHQRXVO\ZLWKLQ WKHILOPV7KHUHVLVWLYLW\RI WKH
'/& ILOPVGHFUHDVHGILUVWZLWK WKHDGGLWLRQRIFRSSHU IURPȍFPWRîȍFP
DQGVHFRQGO\ZLWKWKHDQQHDOLQJSURFHVVIURPîȍFPWRȍFP5DPDQVSHF
WUDVKRZWKHWHQGHQF\RIWKH'/&ILOPVWREHFRPHPRUHJUDSKLWLFZLWKLQFUHDVLQJDQ
QHDOLQJWHPSHUDWXUHZKLFKPD\EHRQHSRVVLEOHFRQWULEXWLRQWRLQFUHDVHGFRQGXFWLYL
W\RIWKHDQQHDOHG&X'/&ILOPV
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Joining and welding of dissimilar materials  
for energy applications 
Jean Pierre Bergmann, Franziska Petzoldt, Rene Schürer 
Ilmenau University of Technology, FG Fertigungstechnik, Neuhaus 1, 98693 Ilmenau, Germany
Abstract  
Content of the talk will be the description of procedures in order to weld aluminum to copper via 
solid state welding. Welding of dissimilar materials in order to reach a high strength and durable 
joint is a reasonable and outstanding challenge for industrial and especially for automotive appli-
cation. Nowadays wiring systems and electrical systems, as for example batteries, turn out to be 
main drivers for hybrid joints. Joining of aluminum to copper through a melting process leads to 
brittle intermetallics, which cause failure of the joint during cooling.  
Solid state welding allows the welding below melting temperature, so that phenomena at the in-
terface, which lead to formation of intermetallics under different conditions, are interesting for the 
resulting properties of the joints. Not only mechanical properties, but electrical resistivity and heat 
conduction are strongly dependent from it. Diffusion welding is performed as a model welding 
procedure, while friction stir welding and hybrid friction diffusion bonding are investigated as 
technological welding processes in this paper. Furthermore the long time properties of US-joints 
will be depicted. 
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Werkstoffentwicklungen für Brennstoffzellen 
Prof. Dr. Oliver Schneider 
TU München, Lehrstuhl für Technische Physik (E19), James-Franck-Str. 1, 85748 Garching, Germa-
ny; E-Mail: oliver_m.schneider@tum.de 
Abstract  
- neue Kathodenkatalysatoren für PEM-Brennstoffzellen  
- neue Elektrolytmaterialien für High-Temperature PEM  
- Modifikation von Anodenmaterialien in der Hochtemperatur-SOFC  
- Aspekte der Direktkohlenstoffbrennstoffzelle. 
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Metallization Cost Reduction in c-Si PV: Inline Equipment 
and Processes for Copper Plating 
Dr. Holger Kühnlein 
R&D Manager Back End, RENA GmbH, Solar Technology Center Freiburg , Hans-Bunte-Strasse 19, 
79108 Freiburg im Breisgau, Germany; holger.kuehnlein@rena.com 
Abstract  
The presentation shows the status of plating equipment and performance for the introduction of 
copper plating in PV. A short overview will give an impression on the challenges to start plating 
from Ag on Paste up to Ni/Cu/Ag on Si. A detailed cost discussion in respect to the required tech-
nical solutions for fine line print and laser ablation will show the roadmap via a Ag reduced to a 
complete Ag free solar cell. 
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Developments in Batteries and Energy Storage 
Vikram Godbole 
Robert Bosch Battery Solutions GmbH, RBDB/ENC, Postfach 300220, 70442 Stuttgart, Germany 
Abstract  
With the advent of renewable energy as a viable replacement for the fossil fuels, energy storage 
has become an important topic. There exist many energy storage systems, of which the electro-
chemical energy storage systems viz. batteries, are gaining more and more attention. Batteries, 
based on Li-ion technology, are widely used in consumer electronics like cell phones, laptops, 
etc. and have considerable potential for use in the electromobility sector. A short overview of the 
currently available electrochemical energy storage systems will be given with focus on develop-
ment in the Li-ion battery field. Main breakthroughs and challenges of Li-ion batteries will be dis-
cussed and the activities of Robert Bosch GmbH in the field of electromobility will be presented 
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Carbon-based Nanomaterials - Properties, Perspectives 
and Applications 
Martin Hulman 
International Laser Centre, Ilkovičova 3, 84104 Bratislava;
Danubia NanoTech s.r.o., Ilkovičova 3, 84104 Bratislava
Faculty of Electrical Engineering and Information Technology, Slovak Technical University, Ilkovičova 
3, 84104 Bratislava 
Abstract  
Carbon nanomaterials, nanotubes and graphene, have evolved from objects of a pure 
scientific interest to materials with an extremely high technological potential. Their exceptional 
physical properties have made them superior in many aspects to materials used so far for some 
particular applications. 
Graphene is a single-atom thin sheet of carbon atoms and a carbon nanotube is a rolled-
up sheet of graphene. From a structural point of view, they can be considered as materials having 
only the surface and no interior.  This fact makes both nanomaterials highly susceptible to any 
environmental influence. Owing to their high electrical and thermal conductivity and electron mo-
bility, carbon nanotubes and graphene can transmit perturbations very rapidly and with a high ef-
ficiency.  
Among the most exploited properties of carbon nanomaterials is their high surface to vol-
ume or surface to weight ratio. They are also mechanically very robust and stable. High surface 
to volume ratio in combination with excellent electrical properties make carbon materials very 
promising candidates for applications focused on conversion and storage of (electrical) energy. 
In my talk, I will briefly introduce physical properties of graphene and carbon nanotubes 
and then proceed discussing some applications related to the energy conversion and storage. 
Among the applications, I will mention solar cells, ultracapacitors, fuel cells and some other.  
Comparison of the latter with the state-of-the-art products will conclude the talk. 
IWK2012 – Materials for Energy and Power Systems Abstract 
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Metal-insulator nanostructured films for magnetoelectronic devices: 
properties and applications
-)HGRWRYD-.DVLXN-3U]HZR]QLN&].DSXVWD00LORVDYOMHYLü
71.ROWXQRZLF]3=KXNRZVNL,6YLWR9%DHY$0D[LPHQNR
%HODUXVLDQ6WDWH8QLYHUVLW\±1&3+(30%RJGDQRYLFK6WU0LQVN
$*+8QLYHUVLW\RI6FLHQFHDQG7HFKQRORJ\)DFXOW\RI3K\VLFVDQG$SSOLHG&RPSXWHU6FLHQFH
'HSDUWPHQWRI6ROLG6WDWH3K\VLFV.UDNRZ
3 VINČA Institute of Nuclear Sciences, Belgrade University, P.O. Box 522, 11001 Belgrade, Serbia
/XEOLQ8QLYHUVLW\RI7HFKQRORJ\1DGE\VWU]\FND6WUD/XEOLQ
%HODUXVLDQ6WDWH8QLYHUVLW\1H]DYLVLPRVWFLDY0LQVN

Abstract
Progress in designing of new magnetoelectronic nanostructures, particularly, for exploitation at frequencies 
up to GHz requires new artificial materials combining tunable magnetic and electric properties with low-
cost technological opportunity to form miniature devices. Recent experiments have proved that in this con-
text metal-insulator film heterostructures are prospective for synthesis of materials with tailored physical 
properties that could be controlled with external magnetic and electric fields. 
Summary of recent experimental results on phase composition, magnetic properties, magnetoresistivity and 
electrical conductivity of nanostructured composite thin films including multiferroic and thermoelectric 
films for high-frequency applications is presented. Technological approaches based on variation of their 
chemical and phase composition and deposition regimes are proposed for tuning films properties towards 
their desired combination with respect to potential application in designing of planar (non-coil) inductive 
elements, thermoelectric microgenerators, magnetic sensors, etc. Physical mechanisms and models respon-
sible for magnetic and electric properties of composite films are analyzed. 
Additionally, structure and properties of functional template-assisted composite/multilayered nanostruc-
tures on semiconductive substrate with controlled shape and composition for preparation of tunable magne-
toelectronic devices are discussed. Effect of magnetoresistivity modulation realized on Schottky met-
al/semiconductor barrier by application of external voltage to template-based nanostructures is considered.

 ,1752'8&7,21
0RGHUQWUHQGVLQWKHGHVLJQLQJDQGDQDO\VLVRIQHZPDWHULDOVIRUPDJQHWRHOHFWURQLF
GHYLFHV WUDQVGXFHUV VHQVRUV HOHFWURPDJQHWV JHQHUDOO\ UHIOHFW WKH LQFUHDVLQJ GH
PDQGIRUPXOWLIXQFWLRQDOILQHVFDOHLQWHJUDWHGV\VWHPVGHPRQVWUDWLQJSHFXOLDUFRPEL
QDWLRQRI WXQHDEOHPDJQHWLFDQGHOHFWURQLFSURSHUWLHVFRPSDWLELOLW\ZLWKVLOLFRQSUR
FHVVLQJ SODQDU WHFKQRORJ\ DQG ORZ SURGXFWLRQ FRVWV >@ %DVLQJ UHTXLUHPHQWV IRU
VXFKPDWHULDOV SDUWLFXODUO\ RSHUDWLQJDW IUHTXHQFLHVXS WR*+] UDQJH LQFOXGHKLJK
VDWXUDWLRQPDJQHWL]DWLRQMSDQGHOHFWULFDOUHVLVWLYLW\UFRPELQHGZLWKKLJKSHUPHD
ELOLW\P LQ0+]*+]EDQGDQG ORZFRHUFLYHIRUFHHC0HWDOLQVXODWRU M-IPDJQHWLF
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)H&R1L6L2$O2&D)=U23E=U7L2ZKHUHORFDOSKDVH
DQGRU VWUXFWXUDO LQKRPRJHQLWLHV HQKDQFHG VXUIDFHFRQWULEXWLRQDQGTXDQWXPHOHF
WURQLFDQGPDJQHWLFHIIHFWVGUDZWRGLVWLQFWGHYLDWLRQRIIXQFWLRQDOSURSHUWLHVDVFRP
SDUHG WR WKHLUEXONFRXQWHUSDUWV IXOO\VDWLVI\DERYHPHQWLRQHG UHTXLUHPHQWVM-I ILOP
KHWHURVWUXFWXUHVVLQWHUHGZLWKLRQEHDPVSXWWHULQJWHFKQLTXHSRVVHVVMSXSWR
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PDWHULDOVZLWKWDLORUHGSURSHUWLHV LVIDEULFDWLRQRI7(PSODWHDVVLVWHG&2PSRVLWHM-I
1$QRVWUXFWXUHVRQ6HPLFRQGXFWLYH6XEVWUDWH7(&21$66QDQRDUUD\V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3UHVHQWDUWLFOH LV WKHUHIRUH IRFXVHGRQ VRPH UHFHQW VFLHQWLILFDQG WHFKQRORJLFDO UH
VXOWV LQ LRQEHDPDQGWHPSODWHDVVLVWHGSURFHVVLQJRIM-IPDJQHWLFQDQRVWUXFWXUHG
ILOPVDQG WKHLUDSSOLFDWLRQ LQ GHVLJQLQJRISODQDU QRQFRLO LQGXFWLYHHOHPHQWV WKHU
PRHOHFWULFPLFURJHQHUDWRUVDQGPLFURUHIULJHUDWRUVPDJQHWLFVHQVRUVHWF
 (;3(5,0(17$/'(7$,/6
(FeCo)x(I)100-x d xd  DW QDQRFRPSRVLWH ILOPV  WR  PZKHUH I $O2
&D)3E=U7L2ZHUHVLQWHUHGE\LRQEHDPVSXWWHULQJRIFRPSOH[WDUJHWFRQWDLQLQJI
VWULSVRQM VXEVWUDWHLQR[\JHQIUHHDQGR[\JHQFRQWDLQLQJVSXWWHULQJDPELHQWRQWR
JODVVFHUDPLFDQG$OVXEVWUDWHV7(&21$66QDQRVWUXFWXUHVZHUHSUHSDUHGE\HOHF
WURFKHPLFDO GHSRVLWLRQ RI 1L DQG &R LQVLGH DQRGLF $O2 WHPSODWH RU SRURXV 6L2
WHPSODWHIDEULFDWHGE\QXFOHDULRQWUDFNHWFKPHWKRGRQ6LDQG*D$VVXEVWUDWHV
&RPSRVLWLRQ RI QDQRVWUXFWXUHVZDV YHULILHG E\ 7(0DQG+57(0 3KLOLSV(07
DQG 3KLOLSV &0 ;5' (PS\UHDQ 3$1DO\WLFDO GLIIUDFWRPHWHU &XKα UDGLDWLRQ
(;$)6;$1(6EHDPOLQH,'RIWKH(XURSHDQ6\QFKURWURQ5DGLDWLRQ)DFLOLW\DQG
0|VVEDXHUVSHFWURVFRS\LQWKHWHPSHUDWXUHUDQJHT ±.0DJQHWLFSURSHU
WLHV RI ILOPVZHUH VWXGLHG E\Quantum Design VSM-PPMS LQ WKH UDQJH RIT ±
. LQPDJQHWLF ILHOGVH XS WRN2H'&$& UHVLVWLYLW\DQGPDJQHWRUHVLVWLYLW\
MRRIVDPSOHVZHUHPHDVXUHGE\ IRXUSUREHPHWKRG&U\RJHQLFV/WGFORVHGF\FOH
UHIULJHUDWRUV\VWHPDWT ±.LQPDJQHWLFILHOGVHXSWRN2H
 5(68/76$1'',6&866,21
,RQEHDPDVVLVWHG)H&R-$O2&D)3E=U7L2 ILOPV
(FeCo)x(Al2O3)100-xVSXWWHUHGLQDWPRVSKHUHZLWKDGGHGR[\JHQFRQWDLQQDQRJUDQXOHV
ZLWK ³PHWDOOLF FRUHR[LGHVKHOO´ VWUXFWXUH VHH)LJ)RUPDWLRQRI VXFKDVWUXFWXUH
FRPSRVHGRIFU\VWDOOLQHPHWDOOLFbccD)H&REDVHGQDQRVL]HGFRUHVHQFDSVXODWHGLQ
DQDPRUSKRXVR[LGHVKHOODOOHPEHGGHGLQWKHDPRUSKRXV$O2PDWUL[LVUHYHDOHG
ZLWK7(0DQG+57(0(;$)6DQG;$1(6H[KLELWVHOHFWLYHR[LGDWLRQRIQDQRSDUWL
FOHV±DOPRVWIXOOR[LGDWLRQRILURQZKLOHFREDOWLVIRXQGWREHR[LGL]HGRQO\SDUWLDOO\
,QVWURQJFRUUHODWLRQZLWKWKH0|VVEDXHUVSHFWURVFRS\DVZHOODVZLWKWKHUHVXOWVRI
HOHFWURQDQG;UD\GLIIUDFWLRQLWVKRZVWKDWIRUxdWKHPHWDOOLFFRUHFRQVWLWXWHVbcc
)H&RVROLGVROXWLRQSRVVLEO\HQULFKHGZLWK&RZKLOHR[LGHVKHOOPDLQO\FRQVLVWVRI
PL[HG)HULFKR[LGH
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV-)HGRWRYDHWDO
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV-)HGRWRYDHWDO
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 
2[LGL]HG ILOPV UHYHDO 95+ WXQQHOLQJ FRQGXFWLYLW\ LQ DFFRUGDQFH ZLWK 0RWW¶V RU
6KNORYVNL(IURV ODZVGRPLQDWLQJ IRUGLIIHUHQWx,DQGPHWDOOLFFRQGXFWLYHFOXVWHUQHW
ZRUNLVQRWIRUPHG7KLVVKRXOGEHUHODWHGWRWKHIRUPDWLRQRIR[LGHVKHOOVSUHYHQWLQJ
FRDOHVFHQFHRIPHWDOOLFQDQRJUDQXOHVZLWKLQFUHDVLQJPHWDOOLFFRQWULEXWLRQLQILOPV
1HJDWLYHMRRIVSLQGHSHQGHQWQDWXUHLVREVHUYHGIRUR[LGL]HGJUDQXODUILOPVLQWKH
ZKROHUDQJHRIxYDOXHVVHH)LJ(QKDQFHGQHJDWLYHMRHIIHFW LQWKHILOPVZLWK
WKH³FRUHVKHOO´VWUXFWXUHZLWKLQx  LVDVVLJQHGWRWKHVWDELOL]DWLRQRIWKHPHWDOOLF
FRUHVVL]HVZLWKLQRSWLPDO VLQJOHGRPDLQVL]HRZLQJ WRHQFDSVXODWLRQ LQVLGHR[LGH
VKHOOVDVZHOODVWRVSLQDFFXPXODWLRQDQGVSLQILOWHULQJSURFHVVHV>@2[LGL]HGILOPV
SRVVHVVLQJMSXSWRNȺPHC OHVVWKDQNȺP DQGUUDQJHGEHWZHHQ
ɦɈɦɦDUHYHU\JRRGKLJKIUHTXHQF\PDJQHWLFDOO\VRIWPDWHULDO>@

2[LGL]HG (FeCo)x(Al2O3)100-xVXEMHFWHG WRDQQHDOLQJDW|.UHYHDOSRVLWLYHYDO
XHVRIWKHSKDVHDQJOHVKLIWTVHH)LJDLQWHUSUHWHGDVDQHJDWLYHFDSDFLWDQFHHI
IHFWFRUUHVSRQGLQJ WR LQGXFWLYHFRQWULEXWLRQ WR UHDOSDUWRIDGPLWWDQFH7KHYDOXHRI
³HIIHFWLYH´ LQGXFWLYH FRQWULEXWLRQ L ZDV HVWLPDWHG WR EH DV KLJK DV  P+PP DW
0+]EDVLQJRQWKHFRUUHVSRQGHQWHTXLYDOHQWFLUFXLWVHH)LJEWKDWLVPXFKKLJK
HUWKDQLQWKHFDVHRINQRZQGLRGVSQSMXQFWLRQVPHWDOVHPLFRQGXFWRULQWHUIDFHV
2EVHUYDWLRQ RI WKH LQGXFWLYH FRQWULEXWLRQ LV SURVSHFWLYH IRU GHVLJQLQJ RI SODQDU
Fig 1+57(0DDQG
7(0EIRU)H&R$O2
ILOPVLQWHUHGLQR[\JHQ
FRQWDLQLQJDWPRVSKHUH 
a) b)
Fig 2MR(H)FXUYHVIRUQRQR[LGL]HG
DDQGR[LGL]HGE)H&R$O2
ILOPVMR[IRU)H&R$O2ILOPVF 
 104 
QRQFRLOOLNH LQGXFWDQFHV IRUKLJKIUHTXHQF\DSSOLFDWLRQV FRPSDWLEOHZLWK VLOLFRQSOD
QDUWHFKQRORJ\>@
 
'HVLUHG VWDELOL]DWLRQ RI JUDQXODU QDQRVWUXFWXUH LQPXOWLIHUURLF FeCo)x(PbZrTiO3)100-x
ILOPVIRUxdDWVLQWHUHGLQR[\JHQFRQWDLQLQJDWPRVSKHUHGXHWRVHOHFWLYHR[LGD
WLRQRIQDQRSDUWLFOHVDQGVWDELOL]LQJ UROHRIR[LGHVKHOOV LVH[SHULPHQWDOO\SURYHGE\
;5' (;$)6 DQG0|VVEDXHU VSHFWURVFRSLHVPDJQHWRPHWU\ DQG UHVLVWLYLW\PHDV
XUHPHQWV)RUT(f) GHSHQGHQFLHVRIFeCo-PbZrTiO3 ILOPVVHH)LJDUHYHDO LQGXF
WLYHOLNH EHKDYLRU DW .ZKHQ f !  N+] HYHQZLWKRXW SRVWV\QWKHVLV DQQHDOLQJ
%DVLQJRQWKHLQWHUSUHWDWLRQRIT(f)FXUYHVZLWKWKHHTXLYDOHQWFLUFXLWVWKHLYDOXHZDV
HVWLPDWHGWREHDVKLJKDVP+PPDW0+]
               
Fig 47\SLFDOTfFXUYHVDIRUWKHDVGHSRVLWHG
)H&R3E=U7L2ILOPVVLQWHUHGLQR[\JHQFRQWDLQLQJDWPRVSKHUHDWPHDVXUHGDWT ..
..0RGHOIRU$&'&FRQGXFWLYLW\LQGXFLQJWKHIRUPDWLRQRIQRQFRLOOLNHLQGXFWLYH
FRQWULEXWLRQLQM-IILOPVE
a)
b)
Fig 37\SLFDOTfFXUYHVIRUWKHDVGHSRVLWHG
)H&R$O2ILOPVVLQWHUHGLQR[\JHQFRQWDLQLQJDWPRVSKHUHDWPHDVXUHGDWT .
...DDQGFRUUHVSRQGHQWHTXLYDOHQWFLUFXLWE
a)
b)
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV-)HGRWRYDHWDO
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2EVHUYHG ³HIIHFWLYH´ LQGXFWLYH FRQWULEXWLRQ LQ JUDQXODU ILOPVZHUH LQWHUSUHWHGZLWKLQ
WKH IUDPHRI WKHSURSRVHGPRGHORI$&'&KRSSLQJFRQGXFWDQFHRIHOHFWURQVRYHU
VHOHFWLYHO\ R[LGL]HG QDQRSDUWLFOHV HPEHGGHG LQWRAl2O3 DQGPbZrTiO3PDWUL[HV ,WV
VFKHPHLVVKRZQLQ)LJE3RVLWLYHSKDVHVKLIWDQJOHRIWKHDSSOLHGYROWDJHDJDLQVW
WKH HOHFWULF FXUUHQW LV UHODWHG WR WKH IRUPDWLRQ RI GLSROH ± SRVLWLYHO\ DQG QHJDWLYHO\
FKDUJHGQDQRSDUWLFOHV±GXHWRWKHILUVWMXPSRIHOHFWURQWRWKHQHLJKERULQJQDQRSDU
WLFOHSRWHQWLDOZHOO3RODUL]DWLRQRIGLHOHFWULFPDWUL[VXUURXQGLQJQDQRSDUWLFOHVGXHWR
WKHIRUPHGGLSROHLVWKHRULJLQRIWKHLQFUHDVHGHOHFWURQPHDQOLIHWLPHLQDSRWHQWLDO
ZHOOQDQRSDUWLFOHVGHOD\LQJLWVQH[WMXPS6XFKDWLPHGHOD\UHVXOWHGLQWKHHOHFWULF
FXUUHQWVKLIWZLWKUHVSHFWWRWKHDSSOLHGYROWDJH
7(&21$66QDQRVWUXFWXUHV
5HFHQWO\H[SHULPHQWDOVWXG\RISi/SiO2/NiQDQRDUUD\VVHHVWUXFWXUH LQ)LJDSUH
SDUHGLQWKHIRUPRI6FKRWWN\EDUULHUVUHYHDOHGJLDQWMRHIIHFW$VLVVHHQIURP)LJ
E DSSOLFDWLRQ RI PDJQHWLF ILHOG ERWK QRUPDOO\ DQG DORQJ VXUIDFH RI n-Si/SiO2/Ni
QDQRVWUXFWXUHVUHVXOWHG LQ LQFUHDVHRIHOHFWULFDO UHVLVWDQFH7KLV LVHYLGHQW IURPWKH
FKDQJHRI,9FKDUDFWHULVWLFVVORSHGHILQLQJWKHRYDOXH$VVKRZQLQ)LJFWKHMR
YDOXHVZHUHPD[LPDODW WKH WHPSHUDWXUHRI.DQGGHSHQGHQWRQHOHFWULFFXUUHQW
UHDFKLQJPDJQLWXGHVRI±DWWKHPD[LPXPSRLQW
-3,00x10
-5
-1,50x10
-5
0,00
1,50x10
-5
3,00x10
-5
-75 -50 -25 0 25 50 75
B
         I
      2
B
         
        I
1
In probes
SiO2
               Si
Ni NRIP
U, V
I, A 




D
E
 









7.
05



9HU\ VLPLODU HIIHFW ZDV REWDLQHG RQ GRXEOHOD\HU VWUXFWXUH SiO2(Co)/GaAs DW RT
3UHVHQWH[SHULPHQWVSUHVXPHV WKDWGHVLUHGKLJKGMR HIIHFW FRXOGEHDFKLHYHGDW
URRPWHPSHUDWXUHZKHQ6LVXEVWUDWHZLOOEHVXEVWLWXWHGZLWK*D$VWKDWLVPRUHSUR
VSHFWLYHIRUDSSOLFDWLRQ LQ LQGXVWU\%DVLQJRQ WKHVHSUHOLPLQDU\UHVXOWVRQHFDQDV
VXPH WKDWGHSRVLWLRQRIRUGHUHGQDQRDUUD\VVHWRQWR VHPLFRQGXFWLYHVXEVWUDWH 6L
*D$VHWFZLWKWKHDGGLWLRQDOEDFNVLGHHOHFWURGHRSHQWKHRSSRUWXQLW\WRIRUPWKH
QHWZRUNRI026OLNHHOHFWURQLFHOHPHQWPRGXODWLQJHQKDQFLQJRUVXSSUHVVLQJWKHLU
MRHIIHFW(YHU\QDQRDUUD\VKRXOGEHFRQVLGHUHGDVDVHSDUDWH026OLNHHOHFWURQLF
HOHPHQW
a)
b)
Fig 57(0LPDJHRIQ6L6L21LVWUXFWXUHDI-UFKDUDFWHULVWLFVRIQ6L6L21LVWUXFWXUH
DW.IRU]HURPDJQHWLFILHOGHH=7GLUHFWHGQRUPDOO\RUDORQJVDPSOHVXU
IDFHEDQGMRWHPSHUDWXUHGHSHQGHQFHVIRUGLIIHUHQWHOHFWULFFXUUHQWI YDOXHVF
I Q$Q$DQGQ$
c)
,:.±0DWHULDOVIRU(QHUJ\DQG3RZHU6\VWHPV-)HGRWRYDHWDO
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 &21&/86,216
M-IPXOWLIXQFWLRQDOILOPKHWHURVWUXFWXUHVZLWKWXQDEOHPDJQHWLFDQGHOHFWULFSURSHUWLHV
VLQWHUHG ZLWK LRQEHDP VSXWWHULQJ WHFKQLTXH RU WHPSODWHDVVLVWHG HOHFWURGHSRVLWLRQ
DUHSURYHGWREHYHU\SURPLVLQJIRUGHVLJQLQJ WKHYDULHW\RIQHZPDJQHWRHOHFWURQLF
GHYLFHV3DUWLFXODUO\M-IPDJQHWLFDQGPXOWLIHUURLFILOPVZLWKHQKDQFHGMR HIIHFWDV
ZHOODVQHJDWLYHFDSDFLWDQFHHIIHFWXSWRP+PPUHODWHGWRWKHVHOHFWLYHQDQR
SDUWLFOHV R[LGDWLRQ DQG IRUPDWLRQ RI ³FRUHVKHOO´ QDQRVWUXFWXUH FRXOG EH DSSOLHG IRU
KLJKIUHTXHQF\ SODQDUPDJQHWLF VHQVRUV DQG QRQFRLOOLNH LQGXFWDQFHV 9HUVDWLOH LQ
WULQVLF SURSHUWLHV RI 7(&21$66M-I QDQRVWUXFWXUHV UHYHDOLQJ WXQDEOHGMR HIIHFW
FRXOG EH VXFFHVVIXOO\ XWLOL]HG LQ WUDQVLVWRUV PLFURHOHFWURGHV GLRGHV PRXOGV IRU
0(0V7KHLPSRUWDQWDGYDQWDJHVRIWKHSURSRVHGKHWHURVWUXFWXUHVDUHWKHLUFRPSDW
LELOLW\ZLWKVLOLFRQSODQDUWHFKQRORJ\ORZSURGXFWLRQFRVWVDVZHOODVUHOLDEOHDQGZHOO
UHSURGXFLEOHWHFKQRORJ\SURFHVVLQJ
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